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1.1 The discovery of metallocene complexes 
The first report on a metallocene complex (metallocene: metallon = metal (Greek) + 
cene = cyclopentadiene (20th century)) originates from 1951 by Kealy and Pauson. The 
original objective of their research was the synthesis of fulvalene by a reductive 
coupling of cyclopentadienylmagnesium bromide using iron(III)chloride. Instead, 
orange crystals were obtained of a compound which had the general formula C10H10Fe.1 
Concurrent to Pauson's findings, Miller et al. reported the synthesis of the same 
compound by the reaction of cyclopentadiene with iron in the presence of aluminum, 
potassium or molybdenum oxides.2 The structure of this, at that time highly unusual, 
compound was resolved not much later by Fisher, Woodward and Wilkinson, and 
consists of an iron(II) center trapped between two parallel cyclopentadienyl ligands in 
which the carbon atoms of the cyclopentadienyl rings are equally bound to the metal 
center (Figure 1.1).3,4  
The discovery of ferrocene (ferrocene: ferrum = iron (Latin)), which had been prepared 
unwittingly on previous occasions during the iron catalyzed cracking of 
dicyclopentadienyl,5 has led to a true run on other metallocene complexes of transition 
 
 
Figure 1.1. Ball-stick representation of the structure of a metallocene. 
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metals.6 In case of complexes of the type Cp2M(II) (Cp = η5-C5H5), the geometry is 
generally as depicted in Figure 1.1,7 but when additional ligands are bound to the metal 
center, the cyclopentadienyl ligands will yield, resulting in a bent structure (Figure 1.2). 
In metallocene complexes, the cyclopentadienyl ligand is mostly η5-coordinated to the 
metal center, donating 6 electrons, but there are numerous examples, especially in case 
of main group metals, of η1, η2 or η3 coordination and also of σ-bound cyclopentadienyl 
ligands (Figure 1.3).8  
 
  η1 η2 η3 η5 σ 
 
Figure 1.3. Bonding modes for the cyclopentadienyl ligand. 
1.2 Early transition metal metallocene complexes in catalysis 
Concurrent with the first report on metallocene complexes, Ziegler and coworkers 
reported that TiCl3 in combination with aluminum alkyl complexes is very active in the 
polymerization of ethene.9 Natta showed that this heterogeneous catalyst system is also 
active in the isotactic polymerization of propene.10 Before long Breslow and coworkers 
 
Figure 1.2. Ball-stick representation of the bent metallocene geometry (M = metal center; 




demonstrated that titanocene dichloride could also be used as catalyst for the 
polymerization of olefins when activated in a similar way as in the heterogeneous 
system described by Ziegler and Natta,11 although the polymerization activity was very 
low. Much later, in 1980, Kaminsky and Sinn reported the use of methylaluminoxane as 
an activator (see also chapter 1.3).12 This resulted in much more active olefin 
polymerization catalyst, and led to comprehensive developments in the field of 
metallocene chemistry, especially of group 4 metals.13 As a result the cyclopentadienyl 
ligand has been subject to a wide variety of modifications (Scheme 1.1), such as the 
introduction of substituents to the cyclopentadienyl ring (A), annulated ring systems 
(B), the linking of two cyclopentadienyl ligands (C), the substitution of one or more 
carbon atoms by heteroatoms (D), or the replacement of one of the cyclopentadienyl 
ligands by other ligands (E).13,14,15,16 
Whereas the search for more active and selective olefin polymerization catalysts has 
been a dominant drive in the developments in metallocene chemistry, and in 
organometallic chemistry of early transition metals in general, many other applications 
have evolved from this type of complexes. Metallocenes have been used in the addition 
of X-H bonds (X = B, N, Si, P, Sn) to unsaturated hydrocarbons,17 in cycloaddition 
reactions, like olefin metathesis and hydroamination reactions,17a,d but also in the 
reductive coupling of unsaturated compounds17a,18 or the activation of C-X bonds.19  
1.3 Cationic early transition metal metallocenes 
In general, the active species in the catalytic polymerization of olefins is an electron 
deficient transition metal complex with a reactive metal-carbon bond.13 Whereas neutral 
olefin polymerization catalysts have been reported,20 most examples involve cationic 
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this type of transition metal complexes is the reaction of a metallocene dihalide with 
methylaluminoxane (MAO), in which the function of the aluminoxane is twofold: it 
acts both as an alkylating agent and as a Lewis acid that abstracts one of the alkyl 
ligands from the metal to yield a cationic complex with a weakly coordinating 
anion.12,21 A major drawback of MAO as activator is the need of a large excess of the 
cocatalyst (Al/M ratio > 200). An additional disadvantage from a fundamental research 
point of view is the fact that MAO is ill defined. It is known that MAO consists of a 
(dynamic) mixture of cage-like oligomers with the general formula [MeAlO]n. Even 
though many research groups are trying to identify its exact nature and function, details 
remain under much debate.21,22 
As a consequence, alternative routes to well-defined transition metal cations have been 
developed (Figure 1.4).21,23 The majority is based on arylborane (i, Figure 1.4)24 and 
-borate (ii-v, Figure 1.4)25,26,27,28 reagents affording ion pairs with a tetrasubstituted 
borate anion. The nature of the counterion has a surprisingly large effect on both the 
activity and the selectivity of olefin polymerization catalysts.13,21,29 The most active 
catalysts were obtained when weakly coordinating anions were applied. This inspired 
many research groups to develop this type of anions,21,30 many of which employ 








LnMR2  +  BAr3 LnM(X)R  +  [M'][BAr4]








Figure 1.4. Routes to well-defined, cationic, early transition metal complexes. L = ancillary 
ligand; M = early transition metal; R = alkyl ligand; Ar = aryl group; LA = Lewis acid; 




fluorinated groups to dissipate the negative charge, to reduce Coulombic interactions, 
and to decrease their nucleophilicity. Three anions of this type, which are most 
frequently applied, are depicted in Scheme 1.2.24,31  
Fluorinated arylborate anions can still exhibit interactions with the metal center and 
participate in catalyst deactivation reactions. In case of an 
alkyltrispentafluorophenylborate anion, generated in the reaction of a metal alkyl 
complex with a Lewis acidic borane reagent (i, Figure 1.4), the counterion can 
coordinate to the metal center via the abstracted alkyl group (A,32 B,33 Scheme 1.3). 
Well documented examples in which such a fluorinated arylborate anion is bound with 
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Apart from influencing the reactivity of early transition metal complexes, the anion can 
also be involved in catalyst deactivation reactions. Degradation of the ion-pair 
commonly involves the transfer of one of the groups from the borate anion to the metal 
center (A, Scheme 1.4),35 but there is one example in which C-F bond activation of the 

























































1.4 Objective  
The highly electron deficient metal complexes mentioned above are very susceptible to 
the coordination of Lewis-bases. In addition they react, as a result of their high 
electrophilicity, with functions that are generally regarded as weakly or non-
coordinating, such as C-H36 and C-X bonds (X = F, Cl, Br).37 Regardless of the weak 
nature of the binding of these substrates, they can have a large effect on the reactivity of 
these complexes. The research presented in this thesis is aimed at the understanding of 
this type of weak interactions, and especially at the effect of the electron configuration 
of the metal on these interactions. Our investigations are focused on the reactivity of the 
trivalent, cationic decamethylmetallocene complexes [Cp*2M]+ (Cp* = η5-C5Me5;  
M = Sc, Ti, V). These have a close resemblance to well-known olefin polymerization 
catalysts, with the difference that they lack the very reactive metal-carbon bond.  
The metallocenes described in this thesis range from d0 to d2 metal complexes. The 
three frontier orbitals that determine the reactivity of these bent metallocene complexes 
Introduction 
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are a dx2, a dxz and a dy2-z2 like orbital (Figure 1.5).
38 In case of a d0 metallocene 
cation, such as [Cp*2Sc]+, these three frontier orbitals are, in principle, all available for 
the interaction with additional ligands and in case of the d1 titanocene cation, one of 
these orbitals is occupied by an unpaired electron, leaving two free valence orbitals. In 
case of the vanadocene cation, a d2 system with S=1, one free valence orbital is left for 
the binding of additional ligands (Table 1.1). 
In principle the coordination chemistry of these metallocene complexes can be 
influenced by the presence of unpaired electrons in two ways. In case of the  




Figure 1.5. Simplified representation of the three frontier orbitals of a bent metallocene 
framework 
Table 1.1. Characteristics of the [Cp*2M]+ cation (M = Sc, Ti, V) 
 Sc Ti V 
Valence electrons 
spin state 
free valence orbitals 










S = 1 
1 
0.65 Å 
     
  
 M L M L 
 ←  σ-donation  ─ ─  π-backdonation  → 
 
Figure 1.6. Chatt-Dewar-Duncanson-model: ligand to metal σ-donation (left) and metal to 
ligand π-backdonation (right). 
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effect on the binding energy of additional ligands. On the other hand, the singly 
occupied orbitals may contribute to the binding through π-backdonation (Figure 1.6).40 
The overall effect of the unpaired electrons on the binding energy will be a fine balance 
between these two effects and is dependent on the relative energies of the SOMO(s) and 
the LUMO, thus on the coordination sphere of the transition metal complex.  
This is illustrated by two independent theoretical studies to the effect on unpaired 
electrons on the binding of ethene.41 In the first, the [LL'MMe]+ (L = NH2, NH3;  
L' = NH2, NH3; M = Ti - Mn) system was considered.41a The energy associated with the 
binding of ethene showed a linear decrease with the number of unpaired valence 
electrons (A, Figure 1.7). Furthermore, the binding energy in olefin complexes with the 
same electronic configuration was comparable, e.g. the energy associated with the 
binding of ethene to the d3 metal cations [(NH3)2VMe]+, [(NH2)(NH3)CrMe]+, and 
[(NH2)2MnMe]+ is very similar (15.7, 15.1 and 15.6 kcal/mol respectively). Such a 
trend was not found in the second study, in which the effect of unpaired electrons on the 
coordination of ethene was considered in the [{Cp(CH2)2NH2}MMe]+ system  
(B, M = Sc - Mn; Figure 1.7).41b  
Beside the effect that unpaired electrons can have on the coordination of substrates, 



















 A  B 
Figure 1.7. The relative binding enthalpies of ethene determined with DFT calculations for (A) 
[LL'MR]+ (L = NH2, NH3; L' = NH2, NH3) and (B) [{Cp(CH2)2NH2}MMe]+ (● Sc, ■ Ti, ▲ V, 




d1-titanocene complexes are known to couple unsaturated compounds, such as ketones 
(A, Scheme 1.5),42 whereas this type of pinacol coupling has not been observed in the 
analogous d0-metal complexes. Furthermore, d2-metal complexes can effectuate a 
similar coupling via the insertion of a ketone into an η2-bound ketone adduct  
(B, Scheme 1.5). 
1.5 Overview 
The chemistry described in this thesis has a focus on the reactivity of the metallocene 
cations towards C-F bonds, but in chapter 2 the synthesis of the cationic 
decamethylmetallocene THF adducts will be discussed. These THF adducts give 
fundamental insight in the general coordination chemistry of this type of metallocene 
cations with Lewis bases, and can be used as a reference to the base-free metallocene 
cations and the weak adducts described in chapter 4. These are generally insoluble and 
reactive towards most solvents, impeding more direct methods of characterization.  
In chapter 3 the synthesis and structure of the base-free metallocene cations are 
described. The structure of the [Cp*2M][BPh4] salts show interactions with either the 
counterion (M = Sc) or with Cp*-methyl groups (M = Ti, V). Such an agostic 


































Chapter 4 addresses the reactivity of the cationic metallocene complexes towards C-F 
bonds. First the reaction with neutral organofluorides is described. The metallocene 
complexes of scandium and titanium react with fluorobenzene to form stable 
fluorobenzene adducts, and in a similar way, these metallocene cations react with  
1,2-difluorobenzene to yield adducts in which both fluorine atoms are coordinated to 
the metal center. These fluorobenzene adducts were characterized by single crystal  
X-ray diffraction studies and are to our knowledge the first structurally characterized 
complexes of this type. DFT calculations indicate that the interaction of the [Cp*2M] 
cations with the fluorobenzenes is weak, and mainly electrostatic in nature. Whereas the 
metallocene cations are stable towards C(sp2)-F bonds, the scandocene and titanocene 
cations readily react with benzylic C-F bonds to yield Cp*2ScF and Cp*2TiF2, 
respectively.  
To extend these results, the stability of the metallocene cations with the [B(C6F5)4] and 
[B{C6H3(3,5-CF3)2}4] anions was studied. The first has C(sp2)-F bonds, similar to 
fluorobenzene and 1,2-difluorobenzene, whereas the latter has benzylic fluorides, 
similar to α,α,α-trifluorotoluene. Consequently, the ion pair [Cp*2Ti][B(C6F5)4] is 
stable, and C-F bond activation is observed in [Cp*2Ti][B{C6H3(3,5-CF3)2}4]. In the 
[Cp*2M][B(C6F5)4] ion pair of scandium and titanium, the anion is bound to the metal 
center with two C-F bonds, similar to the molecule of 1,2-difluorobenzene in the  
1,2-difluorobenzene adduct. In case of vanadium, no such interaction between the 
cation and anion was observed.  
The reactivity of the [Cp*2M] cations towards acetone and benzophenone is discussed 
in chapter 5. The reactivity of the metallocene cations towards acetone results in 
complexes comparable to the THF adducts (M = Sc: bis-acetone adduct;  
M = Ti, V: mono-acetone adduct). Their M-O-C bond angles (bent vs. linear) are 
determined by the electron configuration of the metal center. In case of scandium and 
titanium the acetone ligand can donate more than two electrons to the metal center, 
resulting in a linear coordination of acetone. In case of vanadium there is one free 
valence orbital, which is reflected by a bent M-O-C bond angle. The reaction of the 
decamethylmetallocene cations with benzophenone resulted in mono-benzophenone 
adducts, exclusively. In case of the benzophenone adduct of vanadium the unpaired 
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2 Cationic decamethylmetallocene THF adducts* 
The aim of this thesis (see also section 1.4) is to study the coordination chemistry of the 
decamethylmetallocene cations of scandium, titanium and vanadium and especially 
their interaction with weakly coordinating substrates. This requires the generation and 
characterization of the base-free [Cp*2M] cations, and information on their stability. 
These complexes are likely to be insoluble in hydrocarbons or aromatic solvents and, as 
a result of their high electron deficiency, very reactive towards most solvents. The 
generation of stable, well-defined Lewis base adducts may be used as an indirect tool to 
characterize the base-free metallocene cations and the weakly bound adducts described 
in chapter 4. 
For this purpose, the tetrahydrofuran (THF) adducts of the decamethylmetallocene 
cations were synthesized. It was previously demonstrated that THF can be used to 
isolate stable transition metal cations of coordinatively (if not electronically) 
unsaturated complexes. For example, a cationic zirconocene alkyl olefin polymerization 
catalyst was identified and structurally characterized as its THF adduct, 
[Cp2ZrMe(THF)]+.1  
A number of THF adducts of cationic metallocene derivatives is known of trivalent 
metals, especially for the lanthanide/actinide group metals2 and for titanium3 and 
vanadium.4 These compounds are stable at room temperature, and were obtained using 
the methodology described in section 1.3 (except for the cationic vanadocene THF 
adduct, which was formed while studying the vanadium(IV) dication [Cp2V(THF)2]2+).4   
The THF adduct will be used as a reference for the other complexes described in this 
thesis. Furthermore, they also provide information on the effect of the shielding of the 
                                                          
* The synthesis and structural characterization of the THF adduct of the decamethyltitanocene 
cation (when prepared by the oxidation of Cp*2TiH with [Cp2Fe][BPh4]) was first described by 
J. Gercama and J. M. de Wolf and reported in: Bouwkamp, M. W.; De Wolf, J.; Del Hierro 
Morales, I.; Gercama, J.; Meetsma, A.; Troyanov, S. I.; Hessen, B.; Teuben, J. H. J. Am. Chem. 
Soc. 2002, 124, 12956. The RIDFT calculations were performed by P. H. M. Budzelaar 
(University of Nijmegen). 
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metal center by the sterically demanding Cp*-ligands on one hand, and the electron 
configuration of the metal center on the other hand, on the binding of Lewis bases to 
this type of decamethylmetallocene complexes.  
2.1 Synthesis of cationic decamethylmetallocene THF adducts 
The THF adducts of the decamethylmetallocene cations of the group 3-5 3d metals are 
readily synthesized by the reaction of the decamethylmetallocene methyl complexes 
Cp*2ScMe,5 Cp*2TiMe,6 and Cp*2VMe7 with the Brønsted acid [PhNMe2H][BPh4]8 in 
THF (Scheme 2.2). Slow diffusion of aliphatic solvents like pentane or cyclohexane 
into the THF solutions thus formed, afforded yellow crystals of the bis-THF adduct 
[Cp*2Sc(THF)2][BPh4] (1a) or green crystals of the mono-THF adducts 
[Cp*2Ti(THF)][BPh4] (1b) and [Cp*2V(THF)][BPh4] (1c). The compounds were 
characterized by X-ray analysis (section 2.2) and by elemental analysis. During the 
synthesis of the cationic metallocene THF adducts 1 equivalent of methane is formed. 
The amount of gas was determined by a Toepler pump experiment in conjunction with 
GC analysis for the reaction of Cp*2TiMe with [PhNMe2H][BPh4].  
The 1H NMR spectra of solutions of compounds 1a-c in THF-d8 show resonances of the 
tetraphenylborate anion. In case of diamagnetic 1a and d1 paramagnetic 1b resonances 
for the Cp*-ligands are observed (at 1.93 ppm for 1a, and a broad resonance at  
11.7 ppm (∆ν½ = 402 Hz) for 1b). For the d2 metallocene 1c no resonance for the  
Cp*-ligand could be observed in the chemical shift range of -150 to +150 ppm, 
indicating that the d2 vanadocene cation 1c has an S = 1 configuration, as is the case for 
most electronically unsaturated V(III) compounds.7,9  
Scheme 2.1 
M = Sc: n = 2 (1a)
M = Ti : n = 1 (1b)
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Alternatively, the decamethyltitanocene cation 1b can be prepared by the oxidation of 
the Ti(III) hydride Cp*2TiH10 in THF with the ferrocenium reagent [Cp2Fe][BPh4].11  
In this reaction 0.5 mol of H2 per titanium is released to give 1b and ferrocene. The 
amount of molecular hydrogen that was released during this reaction was determined by 
a Toepler pump experiment and GC analysis. This reaction probably proceeds via 
intermediate formation of the [Cp*2TiH(THF)]+ cation, that readily decomposes 
through (intermolecular) loss of H2. An alternative route to the vanadium compound 1c 
is the oxidation of decamethylvanadocene12 with [Cp2Fe][BPh4] in THF.  
2.2 Structure of cationic decamethylmetallocene THF adducts  
2.2.1 Structure of the cationic decamethylscandocene THF adduct 
Suitable crystals for X-ray analysis of the scandium compound were obtained from 
THF-d8/pentane, thus affording the corresponding THF-d8 adduct. The overall structure 
of 1a-d16 (Figure 2.1, Table 2.1 for selected bond distances and angles) is very similar 
to that of the known lanthanide species [Cp*2Ln(THF)2][BPh4] (Ln = Sm,13 Yb14). The 
cation of 1a-d16 adopts the usual bent metallocene geometry with a  
Cp*(1)-Sc(1)-Cp*(2) bend angle of 137.21(4)° (Cp*(#) is defined as the centroid of the 
Cp* ligand). The Sc-O bond distances of 2.2964(14) and 2.2652(14) Å are smaller than 
those in the [Cp*2Ln(THF)2] cations (Sm-O = 2.46(1), 2.70(2) Å; Yb-O = 2.331(3), 
2.350(1) Å). This is in accordance with the difference in ionic radii between Sc3+ and 
Sm3+/Yb3+ (Sc: 0.745 Å; Sm: 0.958 Å; Yb: 0.868 Å).15 
Scheme 2.2 
M = Ti : (1b)











2.2.2 Structure of the cationic decamethyltitanocene THF adduct 
Single crystals of the titanium(III) compound 1b were obtained by slow evaporation of 
the THF solvent from a THF solution. The asymmetric unit consists of two independent 
[Cp*2Ti(THF)] cations, each located on a crystallographic C2 axis, one [BPh4] anion, 
 
Figure 2.1. ORTEP representation of the cation of 1a-d16 showing 50% probability ellipsoids. 
The anion and the hydrogen and deuterium atoms are omitted for clarity. 































b Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring. c Σ{angles 
O(1)} is defined as the sum of the angles around atom O(1). d Σ{angles O(2)} is defined as the sum of the 
angles around atom O(2). e ∠(Cp*2Sc,OScO) is the angle between the Cp*(1)-Sc-Cp*(2) and  
O(1)-Sc-O(2) planes.  
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and a disordered, cocrystallized solvent molecule. The two crystallographically 
independent cations are virtually identical. An ORTEP representation of the cation of 
1b is depicted in Figure 2.2 (Table 2.2 contains selected bond distances and angles). 
The decamethyltitanocene cation 1b adopts a bent metallocene geometry  
(Cp*(1)-Ti(1)-Cp*(1a) = 142.22(6)°). The Ti(1)-O(1) bond distance in 1b of 2.116(3) Å 
is shorter than those in the salts [Cp2Ti(THF)2][A] (2.19 - 2.24; [A] = [Co(CO)]4, 
[BPh4], [HB(C6F5)3]), as the [Cp*2Ti] cation binds only one molecule of THF and not 
two like the [Cp2Ti] cation.3 
 
 
Figure 2.2. ORTEP representation of one of the crystallographically independent cations of 1b 
showing 50% probability ellipsoids. The anion and hydrogen atoms are omitted for clarity. 
 















a Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(1a) is the centroid of the C(1a)-C(5a) ring.  
c ∠(Cp*2Ti, TiOCC) is the angle between the Cp*(1)-Ti(1)-Cp*(1a) and Ti(1)-O(1)-C(11)-C(11a) plane.  
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2.2.3 Structure of the cationic decamethylvanadocene THF adduct 
The THF adducts of titanium and vanadium are not isomorphic, but the geometry of the 
decamethylvanadocene cation 1c (Figure 2.3, Table 2.3 for selected bond distances and 
angles) closely resembles that of 1b. Most differences (Cp*-M distances, Cp*-M-Cp* 
angles) can be accounted for by the differences in the size of the titanium(3+), and 
vanadium(3+) ions (0.670 and 0.640 Å respectively).15 In that respect, the V(1)-O(1) 
bond distance in 1c (2.1189(8) Å) can be considered as being relatively long when 
compared to the Ti-O bond distance in 1b (2.116(3) Å). This suggests that the THF 
solvent molecule is more tightly bound in case of titanium (see also section 2.3). 

























a Cp*(1) is the centroid of the C(11)-C(15) ring. b Cp*(2) is the centroid of the C(111)-C(115) ring. 
c Σ{angles O(1)} is defined as the sum of the angles around atom O(1). d Σ{angles V(1)} is defined as the 
sum of the angles around atom V(1). e ∠(Cp*2V,VOCC) is the angle between the Cp*(1)-V(1)-Cp*(2) and 
V(1)-O(1)-C(121)-C(124) plane. 
 
Figure 2.3. ORTEP representation of the cation of 1c showing 50% probability ellipsoids. 
The anion and hydrogen atoms are omitted for clarity. 
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2.3 Computational studies on the cationic decamethylmetallocene THF 
adducts  
The THF adducts described above, and their [Cp2M(THF)n] (M = Sc, Ti, V; n = 1, 2) 
analogues have been studied by computational methods. All calculations were carried 
out with the Turbomole program16a,b coupled to the PQS Baker optimizer.17 Geometries 
were fully optimized at the bp8618/RIDFT19 level using the Turbomole SV(P) 
basisset16c,d on all atoms (small-core pseudopotential16c,e on Sc, Ti and V). The energies 
are relative to the base-free metallocene cations (see chapter 3) and do not include zero-
point energies or thermal corrections. Furthermore, the anions have been omitted. For 
each metallocene cation, both the mono- and the bis-THF adducts have been 
considered. The results are summarized in Table 2.4 and represented in Figure 2.4.  
The calculated structures all adopt the bent-metallocene geometry, and resemble the  
X-ray structures described above (where available). The main difference with the X-ray 
structures are found in the M-O bond length, which are longer in case of the calculated 
structures by 0.08 - 0.13 Å. We have also studied the decamethylmetallocene THF 
adducts with the M-O bond distance constrained to the value found in the X-ray 
structures. The energy difference between these and the energetically more favorable 
structures with the longer M-O bond lengths is small (<0.24 kcal/mol). We therefore 
tentatively ascribe this shortening of the bond length to crystal packing forces. This will 
allow the anion to approach the cation more closely, and hence results in an increased 
Coulombic stabilization of the lattice. 
The calculations corroborate the observations that the scandocene cation prefers the 
formation of a bis-THF adduct, both in case of the [Cp2Sc] and the [Cp*2Sc] cations. 
They furthermore agree with the observation that the unsubstituted titanocene cation 
binds two molecules of THF, whereas a mono-THF adduct is observed in case of the 
decamethyltitanocene cation, and with the fact that the vanadocene cation binds only 
one molecule of THF irrespective of the substitution pattern of the cyclopentadienyl 
ligand (in fact, the second molecule of THF dissociates when trying to optimize the 
structure of the [Cp*2V(THF)2] cation). 
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Figure 2.4. Relative energies for the reaction [Cp'2M] + 2 THF → [Cp'2M(THF)n] + (2-n) THF 
(Cp’ = Cp, Cp*; n = 1, 2). 
Table 2.4. Results of the RIDFT calculations on the [Cp'2M(THF)n] cations. The energies 
represented here are for the reaction [Cp'2M] + 2 THF → [Cp'2M(THF)n] + (2-n)THF 







































































a second molecule of THF dissociates during geometry optimization  
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The relative M-O bond distances found in the X-ray structures of compounds 1b and 1c 
suggested that the THF ligand in the first is more strongly bound to the metal center. 
This is reflected by the relative binding energies found in the RIDFT calculations on the 
decamethylmetallocene THF adducts (Sc > Ti > V).  
2.4 Discussion 
The number of THF solvent molecules that bind to the metal center in the 
decamethylmetallocene cations of scandium, titanium and vanadium is governed by a 
subtle balance of steric and electronic effects. As mentioned in the introduction, the  
d0 scandocene cation has three available valence orbitals for the binding of additional 
ligands, yet a bis-THF adduct is observed, probably as a result of the limited space 
between the wedges of the Cp*-ligands. In case of titanium, there is not even enough 
space for the binding of a second molecule of THF; the electronic configuration of the 
titanocene cation does allow for the binding of a second molecule of THF. This is seen 
in the bis-THF adduct [Cp2Ti(THF)2]+.3 The vanadocene cation also binds one molecule 
of THF, but in this case the formation of a mono-THF adduct is due to the fact that the 
d2-vanadocene cation has only one free valence orbital; the vanadocene cation binds 
one molecule of THF irrespective of the substitution pattern of the cyclopentadienyl 
ligand.4 The vanadocene cation can only bind two additional ligands in case of a strong 
field ligand, such as CO. In that case the coordination of two molecules of CO results in 
spin-pairing, as seen in the bis-CO adducts [Cp2V(CO)2][Co(CO)4] and 
[Cp2V(CO)2][BPh4].20  
Also the relative M-O binding energies in the decamethylmetallocene cations have a 
large steric contribution. In case of the cationic [Cp2M(THF)] adducts, the molecules of 
THF are bound equally strong to the metal center, whereas the binding energy in the 
corresponding [Cp*2M(THF)] cations is clearly different for the three metals and 
corresponds to the relative accessibility of the metal center in the [Cp*2M] cations  




The cationic decamethylmetallocene THF adducts were generated by the reaction of 
Cp*2MMe (M = Sc, Ti, V) with the borate reagent [PhNMe2H][BPh4] in THF and, in 
case of titanium and vanadium, by the reaction of Cp*2TiH or Cp*2V with 
[Cp2Fe][BPh4] in THF, respectively. In case of scandium and titanium the [Cp*2M] 
cations have an observable 1H NMR spectrum. This allows us to use the generation of 
these THF adducts as an indirect tool to characterize the base-free metallocene 
complexes discussed in chapter 3, and the adducts described in chapter 4. Furthermore, 
the stoichiometry of these mono- and bis-THF adducts reveals that the reactivity of 
these [Cp*2M] cations towards Lewis bases is determined both by electronic and steric 
factors. 
2.6 Experimental 
General considerations. All reactions and manipulations of air and moisture sensitive 
compounds were performed under a nitrogen atmosphere using standard Schlenk, 
vacuum line, and glovebox techniques. Reagents were purchased from commercial 
suppliers and used as received, unless stated otherwise. Deuterated solvents were dried 
over Na/K alloy prior to use. Other solvents were dried by percolation over columns of 
aluminum oxide (THF), R3-11 supported Cu based oxygen scavenger (THF, pentane) 
and mol. sieves (pentane), or by distillation from Na/K alloy (cyclohexane). The 
compounds Cp*2ScMe,5 Cp*2TiMe,6 Cp*2VMe,7 Cp*2TiH,10 Cp*2V,12 [Cp2Fe][BPh4],11 
and [PhNMe2H][BPh4]8 were prepared according to literature procedures. 1H NMR 
spectra were recorded on a Varian Gemini 200 spectrometer. Chemical shifts are 
reported in ppm and referenced to residual solvent resonances. IR spectra of KBr pellets 
of the samples were recorded on a Mattson 4020 Galaxy FT-IR spectrophotometer. The 
elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, 
Mülheim an der Ruhr. In all cases V2O5 was added to the samples to reduce the 
formation of carbide species, which can result in unrealistically low carbon values. The 
values reported are single measurements. 
 [Cp*2Sc(THF)2][BPh4] (1a). THF (1 mL) was added to a mixture of Cp*2ScMe  
(61.3 mg, 0.19 mmol) and [PhNMe2H][BPh4] (76.1 mg, 0.17 mmol). Pentane (3 mL) 
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was carefully layered on top of the resulting yellow reaction mixture affording 85.2 mg 
(0.11 mmol, 65%) of yellow crystals of [Cp*2Sc(THF)2][BPh4] after slow mixing of the 
two solvents by diffusion. 1H NMR (THF-d8, 200MHz, RT) δ 7.29 (m, 8H, BPh4), 6.87 
(t, 7.3 Hz, 8H, BPh4), 6.72 (t, 7.3 Hz, 4H, BPh4), 3.58 (t, 6.1 Hz, THF), 1.93  
(s, 15H, Cp*), 1.77 (t, 6.1 Hz, THF). IR (KBr pellet) 3048(s), 3033(s), 2979(s), 2951(s), 
2937(s), 2908(s), 2868(s), 2857(s), 1603(w), 1579(m), 1478(s), 1438(w), 1426(s), 
1380(m), 1341(w), 1316(w), 1297(w), 1266(w), 1251(w), 1180(w), 1169(w), 1143(m), 
1065(m), 1031(w), 1006(s), 971(w), 915(w), 838(s), 821(s), 733(s), 705(s), 672(w), 
625(w), 606(m), 478(w), 464(w), 450(w) cm-1. Anal. Calcd. for C52H66BO2Sc: C, 80.28; 
H, 8.55; Sc, 5.66. Found: C, 79.98; H, 8.61; Sc, 5.70. Recrystallization from  
THF-d8/pentane afforded yellow crystals suitable for an X-ray diffraction study.  
[Cp*2Ti(THF)][BPh4] (1b) from Cp*2TiMe and [PhNMe2H][BPh4]. THF (2 mL) 
was added to a mixture of 52.4 mg (0.16 mmol) of Cp*2TiMe and 68.4 mg (0.15 mmol) 
of [PhNMe2H][BPh4]. When no further gas evolution was observed (after 15 minutes), 
cyclohexane (3 ml) was layered carefully on top of the green reaction mixture. 
Diffusion of the two layers resulted in 57.3 mg (0.07 mmol, 47%) of 
[Cp*2Ti(THF)][BPh4].THF as green crystals, that were isolated after decanting the 
supernatant and drying at reduced pressure. 1H NMR (THF-d8, 200MHz, RT): δ 11.70 
(br, ∆ν½ = 402 Hz, Cp*), 7.6-6.6 (BPh4). IR (KBr pellet) 3052(s), 3032(s), 2995(s), 
2981(s), 2906(s), 2861(s), 1592(w), 1580(m), 1478(s), 1426(s), 1380(s), 1338(m), 
1265(m), 1244(w), 1183(w), 1145(w), 1126(w), 1104(w), 1094(w), 1066(w), 1030(m), 
1014(m), 916(w), 847(m), 803(w), 743(s), 732(s), 704(s), 625(w), 606(m), 484(w), 
463(w), 442(m) cm-1. Anal. Calcd. for C52H66BO2Ti: C, 79.89; H, 8.51; Ti, 6.13.  
Found: C, 79.94; H, 8.43; Ti, 6.33.  
Reaction of Cp*2TiMe with [PhNMe2H][BPh4] in THF (Toepler pump 
experiment). A flask containing a mixture of 14.2 mg (42.6 µmol) of Cp*2TiMe and 
21.5 mg (48.7 µmol) of [PhNMe2H][BPh4] was attached to a vacuum line, and 
evacuated. THF (1 mL) was condensed onto the mixture at -196 °C and the vessel was 
warmed to RT. The reaction mixture turned green and gas evolution was observed. The 
amount of gas was determined by transferring the volatiles in a series of freeze-thaw 
cycles through a cold-trap (cooled with a liquid nitrogen/ethanol mixture) into a 
calibrated volume. A total amount of 35 µmol (0.81 equivalents) of methane was 
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formed (identified by GC analysis). The organometallic product was isolated by 
evaporation of the volatiles and washing with pentane, and identified as 
[Cp*2Ti(THF)][BPh4] by 1H NMR spectroscopy.  
[Cp*2V(THF)][BPh4] (1c) from Cp*2VMe and [PhNMe2H][BPh4]. THF (1 mL) was 
added to a mixture of 58.2 mg (0.17 mmol) of Cp*2VMe, and 70.2 mg (0.16 mmol) of 
[PhNMe2H][BPh4]. The resulting green solution was carefully layered with 3 mL of 
cyclohexane, affording 94.4 mg (83%) of green crystals of [Cp*2V(THF)][BPh4].  
1H NMR (THF-d8, 200 MHz, RT): δ 7.7-6.5 (PhB). IR (KBr pellet) 3052(s), 3030(m), 
2994(s), 2980(s), 2907(s), 2857(m), 1579(m), 1478(s), 1450(w), 1426(s), 1380(m), 
1362(w), 1340(w), 1264(m), 1182(w), 1144(m), 1066(m), 1019(s), 918(w), 863(s), 
743(s), 731(s), 703(s), 642(w), 606(m), 483(w), 462(w), 434(w), 413(w) cm-1.  
Anal. Calcd for C48H58BOV: C, 80.89; H, 8.20; V, 7.15. Found: C, 80.76; H, 8.26;  
V, 7.10.  
[Cp*2Ti(THF)][BPh4] (1b) from Cp*2TiH and [Cp2Fe][BPh4]. A mixture of solid 
Cp*2TiH (1.87 g, 5.86 mmol) and [Cp2Fe][BPh4] (2.28 g, 4.51 mmol) was cooled to  
-40 °C after which 60 mL of THF was gradually added while stirring. Evolution of 
molecular hydrogen was observed (identified by GC). The mixture was warmed to 
ambient temperature and stirred overnight. The solvent was pumped off from the 
resulting green solution, and the residue was rinsed twice with 25 mL of pentane to 
remove ferrocene and residual Cp*2TiH. Drying at reduced pressure yielded 2.48 g 
(3.49 mmol, 77%) of [Cp*2Ti(THF)][B(C6H5)4]. The compound was spectroscopically 
(1H NMR and IR) identical to the material obtained above in the reaction of Cp*2TiMe 
with [PhNMe2H][BPh4] in THF. Crystals suitable for X-ray diffraction were obtained 
by slow solvent evaporation from a solution of [Cp*2Ti(THF)][BPh4] in neat THF. 
Crystals thus obtained were found to have the stoichiometry 
[Cp*2Ti(THF)][BPh4].THF.  
Reaction of Cp*2TiH with [Cp2Fe][BPh4] in THF (Toepler pump experiment). A 
vessel charged with a mixture of solid Cp*2TiH (1.455 g, 4.56 mmol) and 
[Cp2Fe][BPh4] (2.18 g, 4.32 mmol) was connected to a vacuum line attached to a 
Toepler pump. The evacuated mixture was frozen in liquid nitrogen and 30 mL of THF 
was condensed into the vessel. The vessel was closed and the mixture was allowed to 
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warm to ambient temperature after which it was stirred for 2 h. The amount of gas 
released was determined by pumping the gas through a cold-trap (cooled with liquid 
nitrogen) into a calibrated volume using a Toepler pump, in a series of freeze-thaw 
cycles. A total of 2.09 mmol of gas (identified as H2 by GC analysis) was collected, 
0.48 equivalents of H2 as calculated on [Cp2Fe][BPh4]. The organometallic product was 
worked up as described above, and identified as [Cp*2Ti(THF)][BPh4] using 1H NMR 
spectroscopy.  
[Cp*2V(THF)][BPh4] (1c) from Cp*2V and [Cp2Fe][BPh4]. THF (20 mL) was added 
to a cooled mixture (-40 °C) of 270 mg (0.84 mmol) of Cp*2V and 437 mg (0.86 mmol) 
of [Cp2Fe][BPh4]. After 12 h the solution was decanted, and the brown precipitate was 
dried at reduced pressure. The compound was recrystallized from THF/pentane, 
yielding 304 mg (51%) of [Cp*2V(THF)][BPh4]. The compound was spectroscopically 
(1H NMR and IR) identical to the material obtained above in the reaction of Cp*2VMe 
with [PhNMe2H][BPh4] in THF.  
X-ray analysis of 1a-c. In a glovebox, suitable crystals were mounted on top of a glass 
fiber. The crystals were aligned in a cold nitrogen stream on a Enraf-Nonius21 CAD-4F 
(1b) or a Bruker22 SMART APEX CCD (1a,c) diffractometer. The unit cells were 
determined as listed in Table 2.5. The structures were solved by Patterson methods and 
extension of the model was accomplished by direct methods applied to difference 
structure factors using the program DIRDIF.23  
The positional and anisotropic displacement parameters for the non-hydrogen atoms 
were refined. In case of 1a, 1c subsequent difference Fourier synthesis resulted in the 
location of all hydrogen atoms, which coordinates and isotropic displacement 
parameters were refined. In 1b, subsequent difference Fourier synthesis resulted in 
location of most but not all hydrogen atoms due to a disordered THF molecule in the 
lattice. A disorder model with the same conformation and bond restraints was used in 
the refinement, yielding a site occupancy ratio of 85:15 for the disordered solvent 
molecule. The hydrogen atoms were included in the final refinement riding on their 
carrier atoms with their appropriate hybridization at the C-atoms. The methyl groups 
were refined as rigid, rotating groups. Two common isotropic thermal parameters for 
the H-atoms were refined; one for the aromatic and one for the methyl hydrogen atoms.  
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In all crystal structure determinations, final refinement on F2 was carried out by full-
matrix least-squares techniques. Convergence was reached at wR(F2) and R(F) values 
as listed in Table 2.5 and Table 3.5 for reflections with Fo ≥ 4.0 σ(Fo).  
In each analysis, the positional and anisotropic displacement parameters for the non-
hydrogen atoms and isotropic displacement parameters for hydrogen atoms were 
refined on F2 with full-matrix least-squares procedures minimizing the function  
Table 2.5. Summary of crystallographic data for 1a-d16 and 1b,c. 
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0.0596, 0.4981  
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Q = ∑h[w(│(Fo2) - k(Fc2)│)2], where w = 1/[σ2(Fo2) + (aP)2 + bP], P = [max(Fo2,0) + 
2Fc2] / 3. F0 and Fc are the observed and calculated structure factor amplitudes, 
respectively; a and b were refined. Crystal data, data collection, and refinement 
parameters are summarized in Table 2.5. 
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3 Base-free decamethylmetallocene cations* 
As mentioned in the introduction, the discovery of ferrocene has led to a vast 
development in the field of this type of sandwich complexes. Most of these base-free 
metallocenes contain electronically saturated metal centers, with all valence orbitals 
partly or singly occupied. For example, in case of the high-spin vanadium(II) 
metallocene complex all frontier orbitals are occupied by unpaired electrons. 
Metallocene complexes of scandium are not known to date. As yet, there is only a 
single example of a Sc(II) sandwich complex (A, Scheme 3.1).1 Also titanocene 
complexes are rare. These can only be isolated when using very sterically demanding 
Cp-ligands, and it was only recently, that the structure of a titanocene complex was 
reported (B, Scheme 3.1).2  
Most cationic base-free metallocene complexes reported to date are also electronically 
saturated.3 There are examples of unsaturated base-free metallocene complexes, but 
these generally form contact ion-pairs as a result of their high electron deficiency.4  
                                                          
* The synthesis of the decamethyltitanocene cation (when prepared by the oxidation of Cp*2TiH 
with [Cp2Fe][BPh4]) was first described by J. Gercama and J. M. de Wolf and reported in: 
Bouwkamp, M. W.; De Wolf, J.; Del Hierro Morales, I.; Gercama, J.; Meetsma, A.; Troyanov, 
S. I.; Hessen, B.; Teuben, J. H. J. Am. Chem. Soc. 2002, 124, 12956. The RIDFT calculations 
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In this chapter the base-free decamethylmetallocene cations of scandium, titanium and 
vanadium are described. These highly electron deficient transition metal cations show 
unique structural features. In particular the observed agostic C-H…M interaction with 
the Cp*-Me groups in the decamethylmetallocene cations of titanium and vanadium is 
unprecedented for methyl substituted cyclopentadienyl ligands.  
3.1 Synthesis of the base-free decamethylmetallocene cations  
The base-free decamethylmetallocenes [Cp*2M][BPh4] (2a-c) can be prepared in good 
yields following the synthesis methodology described for the corresponding THF 
adducts in chapter 2, but using toluene as a solvent (Scheme 3.2). The reaction of 
Cp*2MMe with [PhNMe2H][BPh4] in toluene results in a yellow precipitate in case of 
scandium, and a brown precipitate in case of titanium and vanadium. Recrystallization 
of the base-free metallocene cations is impeded by their poor solubility in aliphatic or 
aromatic solvents, and their reactivity towards most other solvents. Nevertheless, when 
these reactions are performed without stirring the reaction mixture, the generation of the 
scandocene and titanocene cations 2a,b in toluene resulted in the formation of yellow or 
red crystals respectively. The base-free decamethylvanadocene cation 2c could be 
successfully recrystallized from 1,2-difluorobenzene. The compounds were 
characterized by X-ray diffraction (section 3.2), elemental analysis and by their reaction 
with THF, which cleanly afforded the corresponding THF adducts 1a-c, described in 
chapter 2. Similar to the synthesis of the THF adducts, the base-free titanocene and 
vanadocene cations can be generated alternatively by reaction of Cp*2TiH or Cp*2V  
Scheme 3.2 
M = Sc: (2a)
M = Ti : (2b)

















Figure 3.1. ORTEP representation of 2a showing 50% probability ellipsoids. 



























































a Cp*(1) is the centroid of the C(11)-C(15) ring. b Cp*(2) is the centroid of the C(111)-C(115) ring. 
c∠{B(2)-C(213),C(213)>C(218)} is defined as the angle between the B(2)-C(213) bond and the phenyl 
ring including C(213) through C(218). d ∠(ScH2,PhB) is defined as the angle between the Sc(1)-H(24)-
H(25) and PhB planes.  
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with the ferrocenium reagent [Cp2Fe][BPh4] in toluene. This resulted in the formation 
of brown precipitates, which were spectroscopically (1H NMR and IR) identical to the 
base-free cations 2b,c as prepared from Cp*2MMe. 
3.2 Structure of the base-free decamethylmetallocene cations  
3.2.1 Structure of the decamethylscandocene cation 
An ORTEP representation of [Cp*2Sc][BPh4] is depicted in Figure 3.1 (see Table 3.1 
for a selection of bond lengths and angles). The [Cp*2Sc] cation in 2a adopts a bent 
metallocene geometry (Cp*(1)-Sc(1)-Cp*(2) = 140.94(4)°) as a result of an interaction 
with one phenyl group of the [BPh4] anion (Sc(1)-H(24) = 2.35(2),  
Sc(1)-H(25) = 2.67(2) Å; Sc(1)-C(24) = 2.679(2), Sc(1)-C(25) = 2.864(2) Å). The C-H 
bonds that are directed to the metal center (C(24)-H(24) = 0.94(2) Å and  
C(25)-H(25) = 0.95(2) Å) and the C-C bond interconnecting these C-H bonds  
(C(24)-C(25) = 1.397(3) Å) are normal for an aromatic C-H and C-C bond, 
respectively. Thus the interaction with the metal does not seem to induce any 
weakening of the C-C or C-H bonds involved. 
A comparable interaction with phenyl groups of a tetraphenylborate anion is observed 
in the salts [Cp*2M(η2-Ph)2BPh2] (A, Scheme 3.3, M = Sm, U),4d,f but here two phenyl 
groups bind to the metal center as these complexes are more open as a consequence of 
the larger ionic radius of the Sm3+ and U3+ cations.15 The differences in M-H and M-C 
Scheme 3.3 
BPh4Cp*2M
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distances between 2a and the salts [Cp*2M(η2-Ph)2BPh2] (M = Sm, U) can be largely 
accounted for by the difference in the ionic radius of the metals. The angle between the 
Sc(1)-H(24)-H(25) plane and the coordinated phenyl ring is 58.0(9)°, which is smaller 
than the corresponding angle in the [Cp*2M(η2-Ph)2BPh2] (M = Sm, U) complexes 
(66.1(11) and 74.4(3)°). An example where the coordination of one phenyl group of the 
[BPh4] anion to the metal center was proposed, similar to 2a, is  
[{C2H4(Ind)2}ZrMe(η2-Ph)BPh3] (Ind = indenyl; B, Scheme 3.3).5 The bonding mode 
was inferred from solution NMR data. 
A close look at the geometry of the [BPh4] anion in 2a shows that it is distorted from a 
normal tetrahedral geometry: the C(21)-B(2)-C(213) angle (100.45(16)°) is smaller than 
the other C-B-C angles, and the angle between the phenyl group formed by C(213) 
through C(218) and the B(2)-C(213) bond is smaller than 180° (170.98(12)° vs. 
174.40(13) - 178.20(13)° for the other corresponding angles in the [BPh4] anion). This 
appears to be the result of an apparent C-H…π interaction of a Cp*-methyl group with a 
phenyl group of the anion.6 The distance between H(117), one of the hydrogen atoms of 
the C(117) methyl group, and the plane of the aforementioned phenyl group is 2.86(18) 
Å and is in the range for this type of interaction.7 
3.2.2 Structure of the decamethyltitanocene cation 
The molecular structure of 2b (Figure 3.2, Table 3.2 for selected bond distances and 
angles) shows no interaction between the cation and the anion. Instead, the compound 
has one normal η5-bound Cp*-ligand and one having two agostic C-H…Ti interactions 
of adjacent methyl groups with the metal center (Ti(1)-H(119") = 2.16(3) Å;  
Ti(1)-H(120') = 2.20(3) Å). The two agostic methyl groups are directed towards the 
metal center (angle between the Cp*-plane and the C(114)-(C119) and C(115)-C(120) 
bonds: 24.9(3) and 23.6(3)°) and the agostic Cp*-ligand is slipped back, so that  
Ti(1)-C(114) and Ti(1)-C(115) are the shortest Ti-C bond distances in the molecule. 
Nevertheless, the intraligand C-C bond distances are normal for a Cp*-ligand and the 
agostic C-H bonds are not significantly elongated compared to the other C-H bonds of 
the Cp*-ligands.  
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Agostic interactions, the interaction of a C-H bond with a metal center (agostic, based 
on “to hold oneself” (Greek)), are well known in early transition metal chemistry.8 
However, to our knowledge such an interaction with methyl-substituted Cp ligands had 
 
Figure 3.2. ORTEP representation of the cation of 2b showing 50% probability ellipsoids. 
The anion is omitted for clarity. 















































a Cp*(1) is the centroid of the C(111)-C(115) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring. c 
∠{Cp*(1),C(114)-C(119)} is defined as the angle between the Cp*-plane and the C(114)-C(119) bond. 
d∠{Cp*(1),C(115)-C(120)} is defined as the angle between the Cp*-plane and the C(115)-C(120) bond.  
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not been observed yet. It is interesting to compare the structure of 2b with that of the 
neutral Ti complex (η5-C5Me4Ph)[η4:η3-C5Me2Ph(CH2)2]Ti,9 with a tetramethylphenyl-
substituted cyclopentadienyl ligand that has been doubly deprotonated on adjacent 
methyl groups (Figure 3.3). In this compound, there is a clear elongation in the ring  
C-C distances connecting the “diene” and “allyl” moieties of the ligand, and the C-CH2 
distances of 1.439(4) and 1.447(4) Å are shorter than the C-CH3 distances to the agostic 
methyl groups in 2b (1.486(5) and 1.502(5) Å). The Ti-CH2 distances of 2.252(3) and  
2.316(4) Å are much shorter than the Ti…CH3 distances in 2b (2.685(5) and  
2.652(4) Å). 
3.2.3 Structure of the decamethylvanadocene cation 
The base-free ion pair [Cp*2V][BPh4] (2c) was recrystallized from  
1,2-difluorobenzene/cyclohexane. The compound crystallized in the P-1 space group 
with two molecules of [Cp*2V][BPh4] in the asymmetric unit. Refinement was 
complicated by a disorder problem: close to the vanadium positions residual electron 
density was found (4 e/Å3). The electron densities were described by two vanadium 
positions which were refined independently (apparently the [Cp*2V] cation fits the 
crystal lattice in two different orientations). This resulted in two site occupancy factors 
for the major fractions of the crystallographically independent vanadium cations of 
0.863(3) and 0.830(7), which were refined separately. The ligand set of the minor 
fractions could not be located.  
An ORTEP representation of the major fraction of one of the crystallographic 







Figure 3.3. Representation of the bonding of the agostic Cp* ligand in 2b (left), and the doubly 





are listed in Table 3.3. Compound 2c has one agostic C-H…V interaction of a  
Cp*-methyl group with the metal center. This methyl group is directed to the metal 
center in a similar manner as those in the base free titanocene cation 2b (angle between 
the Cp*-plane and the C(11)-(C16) bond of 26.1(3)°, which is slightly larger than those 
in 2b). The V(11)-H(16”) distance of 2.06(3) Å is shorter than the Ti-H distances in 2b, 
and the C(16)-H(16”) distance is normal for a Cp*-Me group. The Cp*-ligand with the 
agostic interaction is slipped back, though the intraligand C-C bond distances are 
normal for a Cp*-ligand.  
 
Figure 3.4. ORTEP representation of the major fraction of the cation of 2c showing 50% 
probability ellipsoids. The anion is omitted for clarity. 

































a Cp*(1) is the centroid of the C(11)-C(15) ring. b Cp*(2) is the centroid of the C(111)-C(115) ring. c 
∠{Cp*(1),C(11)-C(16)} is defined as the angle between the Cp*-plane and the C(11)-C(16) bond.  
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3.3 Stability of [Cp*2Sc][BPh4] 
The decamethyltitanocene and -vanadocene cations are insoluble in aliphatic or 
aromatic solvents, but compound 2a is somewhat soluble in benzene, albeit very poorly. 
Attempts to record a 1H NMR spectrum of 2a in benzene-d6 were not successful, but it 
was observed that over a period of 24 hours, compound 2a decomposes in C6D6 
suspension at room temperature, yielding Cp*2ScPh and BPh3 as the major products as 
determined by 1H and 13C NMR spectroscopy.5 The nature of a second species, formed 
in smaller amounts (35%), remains unknown. It has a resonance, presumably for a  
Cp*-ligand, at 1.84 ppm in the 1H NMR spectrum. In C6D6, Cp*2ScPh is formed, 
without any sign of deuterium incorporation. This suggests that the decomposition of 
the [Cp*2Sc][BPh4] ion pair involves a direct reaction of the metallocene cation with 
the counterion, rather than activation of the C6D6. We therefore like to suggest an 
electrophilic aromatic substitution type of mechanism in which the scandocene cation 
reacts with a phenyl group of the tetraphenylborate anion.10 Subsequently, a formal  





























3.4 Computational studies on the base-free decamethylmetallocene cations 
The base-free metallocene cations were studied using RIDFT calculations to investigate 
the nature of the observed unusual agostic interactions with Cp*-Me groups in the 
decamethyltitanocene and -vanadocene cations (results are listed in Table 3.4, for 
details on the calculations see chapter 2). The results are also used as a reference point 
for the binding energies in the adducts described in chapters 2, 4 and 5.  
During geometry optimization, the two agostic interactions that were found in the solid 
state structure of 2b were released, but the energy associated with the loss of the 
interactions is minimal (2.42 kcal/mol). The optimization of the [Cp*2V] cation resulted 
in two local minima: one with, and one without an agostic interaction, the first being 
only 0.28 kcal/mol lower in energy. In addition to the decamethylmetallocene cations of 
titanium and vanadium, the possibility of agostic interactions with the Cp* ligand was 
investigated for the scandocene cation. In the optimized structure, no such interaction 
was found. The energy difference between this structure, and one in which one agostic 
interaction was forced (Sc-H distance constrained at 2.25 Å) was 2.36 kcal/mol and 
comparable to this energy difference in the titanium complex. 
 









































a A structure with one agostic interaction was studied. b A structure with two agostic interactions was 
studied. d The [Cp*2V] cations has two crystallographic independent molecules in the unit cell 
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3.5 Discussion 
For the THF adducts it was observed that the coordination chemistry of this type of 
sterically crowded metallocene cations is governed by a fine balance of steric and 
electronic effects. A similar observation was made in the base-free metallocene 
complexes 2a-c. In case of scandium, the anion binds to the metal center, thus 
increasing Coulombic stabilization within the ion pair, but in case of titanium and 
vanadium, the space between the wedges of the Cp*-ligands seems too small to 
accommodate ligation of the anion. Instead, these highly electron deficient metal 
centers show agostic interactions with Cp*-methyl groups. The [Cp*2Ti] cation has two 
such interactions, whereas only one C-H…M interaction is observed in the 
decamethylvanadocene cation. This again corresponds to the relative number of free 
valence orbitals in the titanocene and vanadocene cations. This, and the fact that the 
gas-phase calculations of the [Cp*2V] cation show not only a minimum for a complex 
without the agostic interaction, but also for a structure in which this interaction is 
present, suggests that this interaction is genuine and not only the result of crystal 
packing forces. Nevertheless, crystal packing forces can contribute to the structure with 
the agostic interactions: bending of Cp* methyl groups might allow a closer approach 
of the cation and the counterion, again to increase Coulombic stabilization. 
3.6 Conclusions 
The decamethylmetallocene cations were generated by the reaction of Cp*2MMe  
(M = Sc, Ti, V) with the borate reagent [PhNMe2H][BPh4] and, in case of titanium and 
vanadium, by the reaction of Cp*2TiH or Cp*2V with [Cp2Fe][BPh4], respectively. 
These highly electron deficient transition metal complexes show intramolecular 
interactions in the solid state, with either the anion (scandium) or with Cp*-methyl 
groups (titanium and vanadium). The latter represent the first examples of agostic  
C-H…M interactions with methyl-substituted cyclopentadienyl ligands. The 
decamethylmetallocene cations are sufficiently stable to provide a suitable framework 




General considerations For the experiments described in this chapter, the same 
considerations are valid as described in chapter 2. Toluene was dried over columns of 
aluminum oxide, BASF R3-11 supported Cu based oxygen scavenger, and mol. sieves 
(4Å). Benzene-d6 was dried over Na/K alloy and vacuum transferred before use. Part of 
the elemental analyses described in this chapter is performed by the Microanalytical 
Department of the University of Groningen. The results are the average of two 
independent determinations. In all cases V2O5 was added to the samples to reduce the 
formation of carbide species. Nevertheless, in some cases unrealistically low, but 
reproducible carbon values were obtained.  
 [Cp*2Sc][BPh4] (2a). Toluene (5 mL) was added to a mixture of 507 mg (1.5 mmol) of 
Cp*2ScMe, and 627 mg (1.5 mmol) of [PhNMe2H][BPh4]. After 1 h, the solvent was 
evaporated, the resulting yellow solid was washed with pentane (3x5 mL), affording 
631 mg (1.0 mmol, 67%) of [Cp*2Sc][BPh4]. IR (KBr pellet) 3052(s), 2982(s), 2911(s), 
2859(s), 2728(w), 1602(w), 1580(m), 1479(s), 1428(s), 1382(s), 1263(m), 1239(m), 
1183(w), 1150(m), 1066(m), 1031(m), 884(w), 848(w), 802(w), 732(s), 703(s), 604(m), 
432(m) cm-1. Anal. Calcd for C44H50BSc: C, 83.39; H, 7.95. Found: C, 83.16; H, 7.95.11 
The 1H NMR spectrum of the solution after dissolution of the compound in THF-d8 is 
identical to that of the bis-THF adduct 1a described above. In a different experiment 
(without stirring of the reaction mixture), yellow crystals formed during the reaction, 
which were suitable for a single crystal X-ray analysis. Compound 2a is slightly soluble 
in C6D6, but insufficiently to record 1H and 13C NMR spectra.  
Decomposition of [Cp*2Sc][BPh4]. A suspension of compound 2a in C6D6 resulted in 
the course of a day in the formation of Cp*2ScPh and BPh3 as the major products 
(65%)12 and a product with a resonance at 1.84 ppm in the 1H NMR, presumably arising 
from a Cp* ligand. 
[Cp*2Ti][BPh4] (2b) from Cp*2TiMe and [PhNMe2H][BPh4]. To a mixture of 0.75 g 
(2.2 mmol) of Cp*2TiMe and 0.95 g (2.2 mmol) of [PhNMe2H][BPh4], 40 mL of 
toluene was added at -30 °C. Gas evolution was observed as the solution was gradually 
warmed to RT. After 1h the toluene was removed at reduced pressure, and the 
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crystalline solid was washed with pentane (3 x 20 mL). Drying the product in vacuum 
afforded 1.2 g (1.8 mmol, 86%) of [Cp*2Ti][BPh4] as red-brown crystals, suitable for 
single crystal X-ray diffraction. IR (KBr pellet) 3050 (s), 2997(s), 2982(s), 2908(s), 
2860(s), 1599(w), 1580(m), 1478(s), 1426(s), 1381(s), 1306(w), 1265(m), 1181(w), 
1147(m), 1066(m), 1029(s), 1019(s), 844(m), 733(s), 703(s), 624(w), 607(s), 525(w), 
476(w), 464(w), 425(w) cm-1. Anal. Calcd for C44H50BTi: C, 82.89; H, 7.90.  
Found: C, 79.62; H, 8.06.13 The 1H NMR spectrum of the compound after dissolution in 
THF-d8 was identical to that of the corresponding THF adduct 1b.  
[Cp*2V][BPh4] (2c) from Cp*2VMe and [PhNMe2H][BPh4]. To a mixture of 201 mg 
(0.60 mmol) of Cp*2VMe, and 242 mg (0.59 mmol) of [PhNMe2H][BPh4], 5 mL of 
toluene was added. After 1h, the toluene was evaporated at reduced pressure, and the 
product was washed with pentane (3 x 3 mL). Evaporation of the volatiles at reduced 
pressure yielded 263 mg (0.42 mmol; 71%) of [Cp*2V][BPh4] as a brown powder.  
IR (KBr pellet) 3134(m), 3051(s), 2998(s), 2982(s), 2965(s), 2907(m), 1601(w), 
1579(m), 1478(s), 1456(m), 1427(s), 1382(m), 1308(m), 1264(m), 1181(w), 1146(m), 
1126(w), 1067(m), 1030(m), 1019(m), 890(w), 846(m), 805(w), 765(w), 738(s), 706(s), 
624(w), 607(m), 540(w), 478(w), 465(w). Recrystallization of the compound from  
1,2-difluorobenzenze/cyclohexane afforded reddish crystals that were used in an X-ray 
diffraction study. Crystals thus obtained were also submitted for analysis.  
Anal. Calcd for C44H50BV: C, 82.49; H 7.87. Found: C, 80.86; H, 7.86.13  
[Cp*2Ti][BPh4] (2b) from Cp*2TiH and [Cp2Fe][BPh4]. At -78oC, 50 mL of toluene 
was slowly added to a mixture of solid Cp*2TiH (1.00 g, 3.14 mmol) and 
[Cp2Fe][BPh4] (1.54 g, 3.05 mmol). The reaction mixture was allowed to warm to room 
temperature while stirring, while gas evolution was observed. After 2 h the solvent was 
decanted from the brown precipitate, and the solid was rinsed repeatedly with pentane. 
After prolonged drying in vacuum (0.005 mm Hg), 1.48 g of brown powder was 
isolated (2.32 mmol, 76%). The IR spectrum of the compound is similar to the one 
reported above. Dissolution of the compound in THF-d8 yielded a product identified by 
1H NMR spectroscopy as 1b.  
[Cp*2V][BPh4] (2c) from Cp*2V and [Cp2Fe][BPh4]. Toluene (10 mL) was added at  
-60 °C to a mixture of 450 mg (1.4 mmol) of Cp*2V and 677 mg (1.3 mmol) of 
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[Cp2Fe][BPh4]. The reaction mixture was allowed to warm to room temperature and 
stirred for 1 h after which the mother liquid was decanted, and the solvent removed at 
reduced pressure. Washing with pentane (2 x 20 mL) resulted in 740 mg (1.2 mmol, 
83%) of a brown solid. The IR spectrum of the compound is identical to that of 2c as 
prepared from Cp*2VMe (see above). 
X-ray analysis of 2a-c. In a glovebox, suitable crystals were mounted on top of a glass 
fiber. The crystals were aligned in a cold nitrogen stream on a Bruker14 SMART APEX 
CCD diffractometer. The unit cells were determined as listed in Table 3.5. The 
structures were solved by Patterson methods and extension of the model was 
accomplished by direct methods applied to difference structure factors using the 
program DIRDIF.15  
The positional and anisotropic displacement parameters for the non-hydrogen atoms 
were refined. In case of 2a, 2b subsequent difference Fourier synthesis resulted in the 
location of all hydrogen atoms, of which the coordinates and isotropic displacement 
parameters were refined. In 2c, some atoms showed unrealistic displacement 
parameters, suggesting some degree of disorder, which is in line with the weak 
scattering power of the crystals investigated. In the neighborhood of the V atoms in 2c, 
residual density was found. The electron densities of the two V positions were 
described by two site occupancy factors with separately refined displacement 
parameters. The site occupancy factors of the major fractions of the disordered  
V positions refined to values of 0.8363(3) and 0.830(7) for the two independent 
molecules in the unit cell. The hydrogen atom positions in 2c were generated by 
geometrical considerations. Their coordinates and isotropic displacement parameters 
were subsequently refined. Some hydrogen atoms did not behave well in the 
refinement, and were ultimately set to riding mode. These hydrogen atoms were 
included in the final refinement riding on their carrier atoms with their positions 
calculated by using sp2 or sp3 hybridization at the C-atom as appropriate, with  
Uiso = c x Uequiv of their parent atom, where c = 1.2 for the non-methyl hydrogen atoms 
and c = 1.5 for the methyl hydrogen atoms, and where values Uequiv are related to the 
atoms to which the hydrogen atoms are bonded.  
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In all crystal structure determinations, final refinement on F2 was carried out by full-
matrix least-squares techniques. Convergence was reached at wR(F2) and R(F) values 
as listed in Table 2.5 and Table 3.5 for reflections with Fo ≥ 4.0 σ(Fo). Except for 2c, 
the final difference Fourier map was essentially featureless: no significant peaks having 
chemical meaning above the general background were observed. In 2c few peaks of  
 
 
Table 3.5. Summary of crystallographic data for 2a-c. 
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max. 1.76(6) e/Å3 were observed, but neglected being residual peaks of the minor 
fraction of the disordered Cp*-ligand.  
In each analysis, the positional and anisotropic displacement parameters for the non-
hydrogen atoms and isotropic displacement parameters for hydrogen atoms were 
refined on F2 with full-matrix least-squares procedures minimizing the function  
Q = ∑h[w(│(Fo2) - k(Fc2)│)2], where w = 1/[σ2(Fo2) + (aP)2 + bP], P = [max(Fo2,0) + 
2Fc2] / 3. F0 and Fc are the observed and calculated structure factor amplitudes, 
respectively; a and b were refined. Crystal data, data collection, and refinement 
parameters are summarized in Table 3.5. 
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4 Reactivity of the decamethylmetallocene cations towards 
organofluorides* 
As a result of the relative inertness of the C-F bond,1 the high electronegativity of 
fluorine,2 and the fact that the radius of fluorine is not much larger than that of 
hydrogen,3 fluorinated groups are ideal to use as substituents to tune the electronic 
properties of anions4 and ligands.5 As mentioned in section 1.3, the design of 
fluorinated borate anions is focused on the development of weakly coordinating anions, 







































































                                                          
* The synthesis and characterization of the fluorobenzene adduct of the decamethyltitanocene 
cation was first described by J. Gercama and J. M. de Wolf, and the reactivity of the 
decamethyltitanocene cation with α,α,α-trifluorotoluene by I. del Hierro Morales. These results 
are reported in: Bouwkamp, M. W.; De Wolf, J.; Del Hierro Morales, I.; Gercama, J.; Meetsma, 
A.; Troyanov, S. I.; Hessen, B.; Teuben, J. H. J. Am. Chem. Soc. 2002, 124, 12956. The RIDFT 
calculations were performed by P. H. M. Budzelaar (University of Nijmegen). 
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Fluorinated groups in ligand systems are mainly used to tune the electrophilicity of the 
metal center. This is used to change the productivity of transition metal olefin 
polymerization catalysts, as seen in the examples in Scheme 4.2. Nevertheless, these 
effects are still relatively poorly understood. In case of compounds A,5a B,5b and D5c,d 
the productivity is increased by introducing fluorine substituents, whereas it is 
decreased in case of compound C.5e 
An additional effect of fluorine substituents is found in a catalyst system bearing a 
phenoxy-imine-based ligand A (Scheme 4.2).5c,d In that case, not only the productivity 
of the catalyst in the catalytic polymerization of olefins is affected, but also the 
properties of the resulting polymer (living vs. not living and, in case of the 
polymerization of α-olefins, syndiotactic vs. atactic). The authors suggest that this is the 
result of an intramolecular C-F…H interaction of the growing polymer chain with an  
o-F substituent of the fluorinated phenyl group on the imine-nitrogen, but recently a 
similar catalyst without fluorinated groups was reported, which also polymerized ethene 
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Fluorinated groups have also been attached to ancillary ligands to make transition metal 
catalysts soluble in perfluorinated solvents. This modification is especially useful for 
biphasic catalysis and provides a convenient way to separate the catalyst from the 
products and starting materials, providing that the latter are not soluble in the fluorous 
phase (Scheme 4.3).8  
As a consequence of the chemical inertness of the C-F bond, which is advantageous in 
the use of organofluorides in organometallic chemistry, fluorinated hydrocarbons also 
pose an environmental threat. The strength of the C-F bond is reflected by the 
atmospheric lifetime of fluorinated hydrocarbons, which is estimated to be over 2000 
years.9 This has led to the exploration of transition metal complexes as reagents to 
(catalytically) defluorinate fluorinated hydrocarbons.10  
An example hereof is the oxidative addition of C-F bonds to low-valent transition metal 
complexes. Metallocene(II) complexes, generated by the reduction of Cp2MCl2  
(M = Ti, Zr), readily react with C-F bonds, enabling the catalytic defluorination of 








































Jones and coworkers investigated the reaction of permethylzirconocene dihydride with 
fluorinated hydrocarbons (Scheme 4.5). This reaction proceeds via concurrent 
mechanisms, depending on the organofluoride, including the aforementioned oxidative 
addition of C-F bonds to low-valent Zr(II) species, the abstraction of a fluorine radical 
by a Zr(III) hydride, and the σ-bond metathesis reaction of zirconocene hydride 
complexes with C-F bonds.12  
Scheme 4.5 
Cp*2ZrH2  +  R-F Cp*2ZrHF  +  R-H
Cp*2ZrH2  +  Ph-F Cp*2ZrHF  +  Cp*2Zr(Ph)F  + Ph-H  
Abstraction of a fluorine radical has also been observed in the C-F bond activation 
reaction of hexafluorobenzene by Cp*2Yb. This resulted in an initial mixture of the 
fluorine bridged dimer [Cp*2Yb]2(µ-F) and Cp*2YbC6F5 (Scheme 4.6).13 
Scheme 4.6 
3  Cp*2Yb  +  C6F6 Cp*2Yb-F-YbCp*2  +  Cp*2YbC6F5  
Despite the increasing use of fluorinated groups in early transition metal chemistry and 
the use of organometallic complexes to defluorinate organofluorides, information on  
C-F bond coordination to early transition metals is limited.14 Here the reactivity of the 
base-free metallocene cations, described in chapter 3, towards neutral and anionic 
organofluorides will be discussed. This research focuses on the relative reactivity of the 
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[Cp*2M] cations (M = Sc, Ti, V) with arylic and benzylic C-F bonds as these are the 
type of substituents that are most frequently used in transition metal catalysis. For 
example, the counterions that are commonly employed in conjunction with cationic 
transition metal catalysts are based on tetrasubstituted borate anions with 
perfluorophenyl or 3,5-bistrifluoromethylphenyl groups (Scheme 4.7). 
The research described here resulted in the synthesis and characterization of the first 
fluorine-bound fluorobenzene and 1,2-difluorobenzene adducts of transition metals 
(scandium and titanium). Only a limited number of κX-halobenzene (X = Br, I)15 and 
κ2I-1,2-diiodobenzene adducts of transition metals has been reported so far,16 and there 
is one isolated example of a fluorobenzene adduct of a lithium compound.17 To our 
knowledge, no κF-fluorobenzene adducts of transition metals were reported previously. 
Whereas the [Cp*2M] cations form stable adducts with fluorobenzene and  
1,2-difluorobenzene, they readily activate benzylic C-F bonds. 
4.1 Reaction of the decamethylmetallocenes with organofluorides 
4.1.1 Reaction of the decamethylmetallocenes with arylic C-F bonds 
Dissolution of the base-free metallocene complexes 2a,b in fluorobenzene results in 
clear solutions from which respectively yellow or green crystals precipitated upon 
layering with aliphatic solvents. The compounds were characterized by single crystal 
X-ray diffraction as the κF-fluorobenzene adducts [Cp*2Sc(FC6H5)2][BPh4] and 
[Cp*2Ti(FC6H5)][BPh4] (Scheme 4.8, 3a,b). Their structures are described in detail in 
section 4.2. Similarly, crystallization of the decamethylscandocene and -titanocene 












adducts [Cp*2Sc(1,2-F2C6H4)][BPh4] and [Cp*2Ti(1,2-F2C6H4)][BPh4] (4a,b,  
Scheme 4.8). The coordinated molecules of fluorobenzene and 1,2-difluorobenzene are 
readily displaced by THF; the 1H and 19F NMR spectra of complexes 3a,b and 4a,b in 
THF-d8 correspond to a mixture of the THF adducts 1a,b and free fluorobenzene or  
1,2-difluorobenzene. In addition, the compounds were characterized by elemental 
analysis. The [Cp*2V] cation is not reactive towards either fluorobenzene or  
1,2-difluorobenzene. Precipitation of the vanadocene cation from fluorobenzene, or 
recrystallization from 1,2-difluorobenzene results in the base-free 
decamethylvanadocene cation. 
4.1.2 Reaction of the decamethylmetallocenes with benzylic C-F bonds 
Whereas the fluorobenzene adducts 3a,b are stable at room temperature in 
fluorobenzene solution, the compounds react instantaneously with  
α,α,α-trifluorotoluene (Scheme 4.9). The vanadocene cation 2c does not react and can 
be recrystallized from PhCF3/cyclohexane without apparent decomposition.  
The 19F NMR spectrum of a mixture of the bis-fluorobenzene adduct 3a and  
α,α,α-trifluorotoluene in fluorobenzene/C6D6 revealed a signal at 80 ppm, that may be 
ascribed to Cp*2ScF.18 Methanolysis of the reaction mixture and analysis by GC-MS 
revealed signals for Cp*H and biphenyl-dn (n = 0, 5) and some unidentified products. In 
the reaction of 3b with α,α,α-trifluorotoluene, Cp*2TiF2 was observed as the 
organometallic product (1H, 19F NMR spectroscopy). Treatment of the reaction mixture 




M = Sc (4a)





M = Sc: n=2 (3a)
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1,2-diphenyl-1,1,2,2-tetrafluoroethane, together with products that can be ascribed to 
anion degradation (triphenylborane and biphenyl). The formation of PhCF2CF2Ph was 
not observed in the reaction of 3a with α,α,α-trifluorotoluene, suggesting that the C-F 
bond activation reactions observed for the scandocene and titanocene cations proceed 
via different mechanisms (see also section 4.6). 
4.2 Structures of the decamethylmetallocene fluorobenzene and 
1,2-difluorobenzene adducts 
4.2.1 Structure of the fluorobenzene adducts 
The bis-fluorobenzene adduct 3a (Figure 4.1 for an ORTEP representation; Table 4.1 
for selected bond distances and angles) has a structure similar to the bis-THF adduct 1a. 
Its Cp*(1)-Sc(1)-Cp*(2) angle is larger (141.29(5) vs. 137.21(4)°), whereas the X-Sc-X 
(X = O, F) angle in 3a is significantly smaller (91.59(5) vs. 75.28(6)°). The Sc-F-C 
angles (172.21(16) and 165.27(15)°) are close to linear and the Sc-F bond distances of 
2.2725(17) and 2.2884(16) Å are intermediate between those observed in the trimer 
[Cp2ScF]3 (Sc-F = 2.05(2) Å)18 and in the contact ion-pair [(nacnac)ScMe] 
[µ-Me-B(C6F5-κF1)(C6F5)2] (nacnac = bis-N,N'-(2,6-diisopropylphenyl)-1,3-di-t-butyl-
β-ketaminate).19 The C-F bonds in 3a (1.408(3) and 1.414(3) Å) are somewhat 




Cp*2ScF  +  Ph-Ph  +  Ph-C6D5  +  unidentified productsC6H5F, C6D6, RT
C6H5CF3






The cation of the fluorobenzene adduct of titanium (Figure 4.2, Table 4.2) also adopts a 
bent metallocene geometry similar to the mono-THF adduct 1b, with the fluorobenzene 
ligand coordinated in between the wedges of the Cp*-ligands. The Cp*-Ti-Cp* angle in 
3b (146.53(5)°) is slightly larger than that in 1b (142.11(6)°). The Ti(1)-F(1)-C(21) 
bond angle is close to linear (168.8(2)°), similar to the Sc-F-C bond angles in the  
 
Figure 4.1. ORTEP representation of the cation of 3a showing 50% probability ellipsoids. 
The anion and hydrogen atoms are omitted for clarity. 









































a Cp*(1) is the centroid of the C(11)-C(15) ring. b Cp*(2) is the centroid of the C(111)-C(115) ring.  
c ∠(Cp*2Sc, ScF2) is defined as the angle between the Cp*(1)-Sc(11)-Cp*(2) and F(11)-Sc(11)-F(12) 
plane.  
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bis-fluorobenzene adduct 3a. The Ti(1)-F(1) bond distance of 2.151(2) Å is short 
compared to that in the intramolecular C-F…Ti interaction in the zwitterionic 
titanium(III) complex Cp*[η5-C5Me4CH2B(C6F5-κF1)2(C6F5)Ti] (Ti-F = 2.406 Å), but it 
is longer than the Ti-F bond in Cp*2TiF (1.845(4) Å).21 The C(21)-F(1) bond of 
1.402(3) Å is similar to that in 3a, i.e. elongated relative to free fluorobenzene. 
4.2.2 Structure of the 1,2-difluorobenzene adducts 
The X-ray structures of the 1,2-difluorobenzene adducts 4a,b are represented in Figure 
4.3 and show a bent metallocene geometry with the molecule of 1,2-difluorobenzene 
 
Figure 4.2. ORTEP representation of the cation of 3b showing 50% probability ellipsoids. 
The anion, hydrogen atoms and the cocrystallized fluorobenzene solvent molecule are omitted 
for clarity. 























a Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring.  




coordinated with both fluorine atoms in between the wedges of the Cp*-ligands  
(Table 4.3 contains selected bond distances and angles). The geometries of the two 
cations are very similar even though the compounds are not isomorphous. There is no 
significant difference in M-F and C-F bond distances, and also the Cp*-M-Cp* and  
F-M-F angles are comparable. The M-F bond distances in compounds 4a,b (M = Sc: 
2.330(2) and 2.330(2) Å; M = Ti: 2.3528(13) and 2.2832(15) Å) are longer than those 
in the κF-fluorobenzene adducts 3a,b (M = Sc: 2.2725(17) and 2.2884(16) Å;  
M = Ti: 2.151(2) Å), but the M-F bond distances in 4a and 4b are still shorter than 
those in the compounds [(nacnac)ScMe][µ-Me-B(C6F5-κF1)(C6F5)2] and  
Cp*[η5-C5Me4CH2B(C6F5-κF1)2(C6F5)Ti] respectively. The elongation of the C-F bonds 
relative to free 1,2-difluorobenzene (M = Sc: 0.040 and 0.047 Å; M = Ti: 0.029 and 
0.034 Å) is comparable to that observed for the fluorobenzene adducts (M = Sc: 0.044 
and 0.050 Å; M = Ti: 0.038 Å).20 The fact that there is no significant difference in mean 
M-F bond distances in 4a and 4b although Sc3+ is larger than Ti3+,15 suggests that  
1,2-difluorobenzene is more tightly bound in the adduct of scandium, than in that of 
titanium. This is in accordance with RIDFT calculations (vide infra). 
 
 
Figure 4.3. ORTEP representation of the cations of 4a,b showing 50% probability ellipsoids. 
The anion and the hydrogen atoms (and the cocrystallized 1,2-difluorobenzene solvent molecule 
in 4b) are omitted for clarity. 
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4.3 Computational studies on the fluorobenzene and 1,2-difluorobenzene 
adducts 
Similar to the base-free metallocene cations and their corresponding THF adducts, the 
fluorobenzene adducts in this chapter were studied using RIDFT calculations  
(for details on the calculations see chapter 2). Results reveal that the binding of one or 
two molecules of fluorobenzene is enthalpically favorable in case of all metallocene 
cations considered. Nevertheless, for the compounds that were not accessible in the 
experiments described above, the binding energy is very low (lower than the expected 
loss in entropy which is estimated at 10 kcal/mol). For example the energy associated 
with the binding of fluorobenzene to the decamethylvanadocene cation is 6.55 kcal/mol, 
and with the coordination of a second molecule of fluorobenzene to [Cp*2Ti(FC6H5)]+ 
and [Cp*2V(FC6H5)]+, 2.36 and 2.73 kcal/mol respectively (Figure 4.4 and Table 4.4). 
Table 4.3. Selected bond distances (Å) and angles (°) of the cations of 4a,b. 














































a M = Sc: n = 1; M = Ti: n = 0. b Cp*(1) is the centroid of the C(n1)-C(n5) ring. c Cp*(2) is the centroid of 
the C(n11)-C(n15) ring. d M = Sc: m = 6; M = Ti: m = 2. e ∠(Cp*2M, F2C6H4) is defined as the angle 
between the Cp*(1)-M(1)-Cp*(2) and F(n1)-M(n)-F(n2) plane. f ∠(MF2, C6H4F2) is defined as the angle 
between the F(n1)-M(n)-F(n2) and 1,2-difluorobenzene plane.  
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For the 1,2-difluorobenzene adducts, κ2F-coordination is found in the optimized 
structures of the [Cp*2M(F2C6H4)] cations of scandium and titanium. In case of the 
corresponding vanadocene 1,2-difluorobenzene adduct, both fluorine atoms are directed 
to the metal center, but the binding of the 1,2-difluorobenzene ligand is highly 
asymmetric, with one M-F bond much longer than the other. Furthermore, the binding 
energy in [Cp*2V(F2C6H4)]+ is minimal (6.44 kcal/mol). 
Like in the THF adducts, the optimized structures of the fluorobenzene and  
1,2-difluorobenzene adducts are very similar to the X-ray structures described above. 
The main difference is found in the M-F bond distances, which are longer in case of the 
calculated structures by 0.09 - 0.12 Å. Structures with the M-F bond constrained to the 
values found in the X-ray structures were included. This revealed that the energy 
associated with the shortening of the M-X bond length in this type of complexes is 
small (< 1.51 kcal/mol), and may arise from crystal packing forces. The M-F-C angles 
in the calculated structures of the fluorobenzene adducts are close to linear and thus 
similar to those found in the X-ray analyses. In case of the cationic [Cp2M] 















































Figure 4.4. Relative energies for the reaction [Cp'2M] + 2 L → [Cp'2(L)n] + (2-n) L (Cp’ = Cp, 
Cp*; L = C6H5F, n = 1, 2; L = C6H4F2, n = 1). 
 














































































































































































































































































































































































































































































































































































































































































































































































Similar to those in the X-ray structures, the C-F bond lengths in the calculated 
structures are longer than in the free fluoroaromatics. The radical anions of the 
fluoroarenes have been considered and show a similar but lesser elongation (Table 4.5). 
This suggests that the stretching of the C-F bonds in the fluorobenzene adducts is 
possibly electrostatic in nature. This is supported by the fact that the fluorobenzenes are 
poor σ-donors, whereas π-backbonding to the fluorobenzene ligand is absent in case of 
scandium, and unimportant in case of titanium and the hypothetical vanadium 
complexes: the spin-density in the SOMO(s) is mainly located on metal based orbitals 
and not on the fluorobenzene and 1,2-difluorobenzene ligands (Figure 4.5). 
           
           
Figure 4.5. Spin density representations of the fluorobenzene and 1,2-difluorobenzene adducts 
of titanium and vanadium (top: [Cp*2Ti(FC6H5)]+ and [Cp*2Ti(F2C6H4)]+; bottom: 
[Cp*2V(FC6H5)]+ and [Cp*2V(F2C6H4)]+). 
Table 4.5. Fluorobenzene, 1,2-difluorobenzene and their corresponding radical anions. 
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The binding energies of fluorobenzene and 1,2-difluorobenzene adducts are smaller 
than those of the THF adducts, THF being a much better σ-donor. The binding energies 
of 1,2-difluorobenzene adducts are, for titanium and scandium, similar to those 
associated with the binding of two molecules of fluorobenzene. In case of vanadium, 
the calculated binding energy in the 1,2-difluorobenzene adduct is comparable to the 
binding energy in the mono-fluorobenzene adducts. The ligand binding is strongest for 
scandocene cations, and weakest for vanadium, in line with the relative electrophilicity 
of these trivalent metal cations and with the accessibility of the metal center. 
4.4 Decamethylmetallocene cations with fluorinated organoborate anions 
Two counterions most frequently employed in catalysis by cationic transition-metal 
complexes are the “weakly coordinating” anions [B(C6F5)4]- and [B{C6H3(3,5-CF3)2}4]- 
(Scheme 4.7). The first has a close resemblance to fluorobenzene or  
1,2-difluorobenzene, whereas the second has benzylic fluorides similar to  
α,α,α-trifluorotoluene. Therefore it is of interest to study the stability of the [Cp*2M] 
cations with these anions as a counterion.  
In THF-d8, the reaction of Cp*2TiMe with [PhNMe2H][BAr4] (Ar = C6F5,  
C6H3(3,5-CF3)2) resulted in a clean conversion to the mono-THF adducts 
[Cp*2Ti(THF)][BAr4] (Scheme 4.10, Ar = C6F5: 1b’, C6H3(3,5-CF3)2: 1b") as seen by 
1H and 19F NMR spectroscopy. The THF adducts are stable at room temperature in THF 
solution and no sign of C-F bond activation reactions was observed. This illustrates that 
the base-free metallocene cations with these fluorinated tetraarylborate counterions, if 
stable, should be accessible using the same methodology as used for the ion pairs with 
the [BPh4] anions.  
Scheme 4.10 
Ar = C6F5 (1b')








4.4.1 Base-free decamethylmetallocene cations with the [B(C6F5)4] counterion 
The reaction of Cp*2ScMe with [PhNMe2H][B(C6F5)4] in toluene resulted in an initial 
precipitation of yellow crystals, which were characterized by a single crystal X-ray 
analysis as the methyl-bridged dimer [(Cp*2Sc)2(µ-Me)][B(C6F5)4] (5a'). In the 
presence of additional [PhNMe2H][B(C6F5)4], the dimer 5a' reacts to form two 
equivalents of 2a', which precipitates as a brownish oil (Scheme 4.11). Leaving the 
compound in toluene for one week resulted in yellow crystals of [Cp*2Sc][B(C6F5)4].  
The formation of a dimeric compound similar to 5a' was not observed in the reaction of 
Cp*2TiMe with [PhNMe2H][B(C6F5)4] in toluene (Scheme 4.12). Instead, 
[Cp*2Ti][B(C6F5)4] (2b') was obtained as a brown oil, which solidified upon washing 
with pentane. When 2b' was generated in a cyclohexane/ISOPARTM mixture using the 
alkane soluble borate reagent [(CnH2n+1)2NMeH][B(C6F5)4] (n = 16-18), again a brown 
oil was formed, but in this solvent mixture, the compound crystallized overnight 
affording compound 2b' as green-brown crystals, suitable for X-ray analysis  
(vide infra).  
In fluorobenzene, the reaction of Cp*2TiMe with [PhNMe2H][B(C6F5)4] resulted in the 
isolation of either the base-free compound [Cp*2Ti][B(C6F5)4] (2b') or the 
Scheme 4.11  


















R = Ph, R' = Me
R = R' = CnH2n+1 
(n = 16-18)
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fluorobenzene adduct [Cp*2Ti(FC6H5)][B(C6F5)4] (3b'), depending on the workup 
procedure. Compound 2b' was obtained from C6H5F solution as a brown powder after 
evaporating the fluorobenzene solvent and washing with pentane. The compound was 
characterized by its reactivity with THF. The 1H NMR spectrum of the compound after 
dissolution in THF-d8 revealed signals that correspond to those of the mono-THF 
adduct 1b'. No signals for liberated fluorobenzene were observed in the 1H and  
19F NMR spectrum, confirming the nature of the base-free metallocene cation 2b'. 
When cyclohexane was layered on top of a fluorobenzene solution of 2b', green 
crystals of the fluorobenzene adduct 3b' were obtained, characterized by an X-ray 
diffraction study. Redissolving crystals thus obtained in fluorobenzene, evaporation of 
the solvent and washing with pentane resulted again in compound 2b'.  
The reaction of Cp*2VMe with [PhNMe2H][B(C6F5)4] in fluorobenzene affords reddish 
crystals which were characterized by single crystal X-ray diffraction as the base-free 
vanadocene cation 2c' (Scheme 4.13). There is no indication of the binding of 
fluorobenzene. Compounds 2a'-c' and 3b' were characterized by their reaction with 
THF and by elemental analysis. 
4.4.2 Base-free decamethylmetallocene cations with the [B{C6H3(3,5-CF3)2}4] 
counterion 
The addition of fluorobenzene to a mixture of Cp*2TiMe and  
[PhNMe2H][B{C6H3(3,5-CF3)2}4] resulted in the formation of a deep-blue solution.22 
The 19F NMR spectrum of the reaction mixture revealed resonances of Cp*2TiF2. When 
toluene was added to a mixture of the two starting materials, a brown precipitate was 
obtained. The 19F NMR spectrum of this precipitate in THF-d8 showed resonances of 
both the [Cp*2TiF(THF)] cation and of Cp*2TiF2, suggesting that the initially formed 
[Cp*2Ti][B{C6H3(3,5-CF3)2}4] reacts with a C6H3(3,5-CF3)2 group of the counterion by 
abstraction of a fluorine radical. Compound [Cp*2TiF(THF)][BPh4] was prepared 









independently by the oxidation of Cp*2TiF with the ferrocenium reagent [Cp2Fe][BPh4] 
in THF (Scheme 4.15), and fully characterized, including a single crystal X-ray 
structure determination (vide infra). 
The reaction of Cp*2VMe with [PhNMe2H][B{C6H3(3,5-CF3)2}4] in toluene resulted in 
the clean formation of [Cp*2V][B{C6H3(3,5-CF3)2}4] (2c"). The compound was 
characterized by 1H and 19F NMR spectroscopy, by IR spectroscopy and by elemental 










[Cp*2TiF][B{C6H3(3,5-CF3)2}4]  +  Cp*2TiF2 
C6H5F
Cp*2TiF2  +  organoborate species
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4.5 Structure of decamethylmetallocene cations with the [B(C6F5)4] anion, of 
[(Cp*2Sc)2(µ-Me)]+ and of [Cp*2TiF(THF)]+  
4.5.1 Structure of [Cp*2M][B(C6F5)4] (M = Sc, Ti) 
The X-ray structures of [Cp*2M][B(C6F5)4] (M = Sc: 2a’, Ti: 2b’) are depicted in 
Figure 4.6 (Table 4.6 contains selected bond distances and angles). The anions are 
coordinated to the metal center in an κ2F-fashion with two adjacent C-F bonds, 
comparable to the 1,2-difluorobenzene molecules in 4a,b. The structures of 2a' and 2b' 
are very similar with angles between the planes defined by M-F(2)-F(3) and the 
coordinated C6F5 moiety of 21.31(15) and 20.3(2)°. This is intermediate between the 
corresponding angles in the ion-pair [Cp*2Sc][BPh4] (58.0(9)°) and the  
1,2-difluorobenzene adducts 4a,b (3.76(11) and 2.21(8)°). The M-F bond lengths in 
2a',b' (M = Sc: 2.341(3) and 2.392(4) Å; M = Ti: 2.325(5) and 2.370(5) Å) are slightly 
larger than those in 4a,b (M = Sc: 2.330(2) and 2.330(2) Å; M = Ti: 2.3528(13) and 
2.2832(15) Å). 
The molecular structure of the fluorobenzene adduct [Cp*2Ti(FC6H5)][B(C6F5)4] (3b') 
is very similar to that of [Cp*2Ti(FC6H5)][BPh4] (3b) and will therefore not be 
discussed in detail. The Ti-F (2.166(5) Å) and C-F bond distances (1.406(10) Å) are 
comparable to those found in 3b (2.151(2) and 1.402(3) Å respectively). The only 
difference is found in the M-F-C angle of 157.3(7)°, which is smaller than that in 3a 
(168.8(2) °). 
Also the two decamethylvanadocene cations with the [BPh4] anion (2c) and the 
[B(C6F5)4] anion (2c') are very similar (including the disorder in the base-free [Cp*2V] 
cation). This illustrates that the vanadocene cation has an interaction with a Cp*-methyl 
group, in the absence of suitable ligands, irrespective the nature of the tetraarylborate 






Figure 4.6. ORTEP representation of 2a',b' showing 10% probability ellipsoids (the thermal 
ellipsoids of the Cp* carbon atoms of 2a’ and 2b’ are large as a result of rotational disorder). 
The hydrogen atoms are omitted for clarity. 
Reactivity of the decamethylmetallocene cations towards C-F bonds 
 71
 
4.5.2 Structure of [(Cp*2Sc)2(µ-Me)][B(C6F5)4] 
An ORTEP representation of the monocationic dimer [(Cp*2Sc)2(µ-Me)] is depicted in 
Figure 4.7 (selected bond distances and angles are listed in Table 4.7). The two 
[Cp*2Sc] moieties both adopt the typical bent metallocene geometry and the two 
[Cp*2Sc]-planes intersect at an angle of 87.3(4)°. The bridging methyl group is 
positioned slightly off-center in between the two Sc-atoms (Sc-C = 2.454(8) and 
2.519(8) Å), both Sc-C distances longer than that in the neutral Cp*2ScMe  
(2.243(11) Å).23 The Sc(1)-C(65)-Sc(2) bond angle is close to linear, which is common 
for this type of monocationic methyl-bridged dimers.24 The hydrogen atoms of the 
bridging methyl group were refined at a constrained C-H bond distance of 1.0 Å. This 
resulted in a structure with a trigonal bipyramidal, bridging methyl group. 
Table 4.6. Selected bond distances (Å) and angles (°) of 2a',b'. 


































a Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring.  
c ∠(Cp*2M,MF2) is defined as the angle between the Cp*(1)-Sc(1)-Cp*(2) and M-F(2)-F(3) planes.  




Figure 4.7. ORTEP representation of the cation of 5a' showing 10% probability ellipsoids (the 
thermal ellipsoids of the Cp* carbon atoms are large as a result of rotational disorder). The anion 
and the hydrogen atoms except those of the bridging methyl group are omitted for clarity. 









































a Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring. c Cp*(3) is 
the centroid of the C(21)-C(25) ring. d Cp*(4) is the centroid of the C(31)-C(35) ring. e Σ{angles Sc(1)} is 
the sum of the angles around Sc(1). f Σ{angles Sc(2)} is the sum of the angles around Sc(2).  
g ∠(Cp*2Sc,Cp*2Sc) is defined as the angle between the Cp*(1)-Sc(1)-Cp*(2) and Cp*(3)-Sc(2)-Cp*(4) 
planes.  
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4.5.3 Structure of [Cp*2TiF(THF)][BPh4] 
An ORTEP representation of the [Cp*2TiF(THF)] cation is depicted in Figure 4.8 
(Table 4.8 for selected bond distances and angles). The cation of [Cp*2TiF(THF)] 
adopts the usual bent metallocene geometry, with the fluoride and THF ligands in 
between the wedges of the Cp*-ligands. The Ti-F bond distance of 1.858(2) is relatively 
long compared to other Ti(IV) metallocene fluorides (1.832 - 1.855 Å)25 The Ti-O bond 
distance of 2.155(2) is similar to that in [Cp*2Ti(THF)Me][BPh4] (2.154(6) Å).26 
 
Figure 4.8. ORTEP representation of [Cp*2TiF(THF)]+ showing 50% probability ellipsoids. The 
anion and hydrogen atoms are omitted for clarity. 



























a Cp*(1) is the centroid of the C(1)-C(5) ring. b Cp*(2) is the centroid of the C(11)-C(15) ring.  




The coordination of fluorobenzenes to transition metals has been reported before, but 
these generally involve ηn-coordination of the π-system27 rather than an interaction with 
the fluorine substituent (Scheme 4.17). As yet, interactions of transition metals with  
C-F bond are either intramolecular, in which the fluorinated group form an integral part 
of the ligand system, or it is the closest contact between a cationic transition metal 
complex and its fluorinated organoborate counterion.5,28  
As mentioned in the introduction to this chapter, there are a few examples of  
κX-halobenzene (X = Br, I) and κ2I-1,2-diiodobenzene adducts. In these examples, the 
M-X-C angle (95.361 - 116.406°) is much smaller than those observed in the  
κF-fluorobenzene adducts described in this thesis, in which this angle is close to linear. 
To our knowledge, the only other example known to date, in which a linear M-X-C 
bond is observed for a halobenzene adduct, is the fluorobenzene adduct  
Li2(µ-N(SiMe3)2)(C6H5F), in which the interaction with the fluorobenzene is purely 
electrostatic in nature. The RIDFT calculations suggest that also in case of the cationic 
[Cp*2M] fluorobenzene adducts, there is a large electrostatic contribution to the metal-
fluorobenzene binding. 
The decamethylmetallocene fluorobenzene and 1,2-difluorobenzene adducts are stable 
with respect to C(sp2)-F bond activation reactions, but the scandocene and titanocene 
cations readily react with benzylic C(sp3)-F bonds. In case of the first, the mechanism 
involved is not clear, but it is very likely that this proceeds via a polar mechanism, i.e. a 
fluoride abstraction by the scandocene cation to form Cp*2ScF, analogous to the 
reaction of [Cp*2TiMe(THT)][BPh4] (THT = tetrahydrothiophene) with  
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α,α,α-trifluorotoluene, which yields Cp*2Ti(Me)F.29 The addition of PhCF3 to the 
titanocene cation 3b, or the generation of the base-free titanocene cation with the 
[B{C6H3(3,5-CF3)2}4] anion, results in rapid C-F bond activation yielding Cp*2TiF2 as 
the main organometallic product. The formation of PhCF2CF2Ph in the C-F bond 
activation reaction with α,α,α-trifluorotoluene and of [Cp*2TiF]+ in the decomposition 
of [Cp*2Ti][B{C6H3(3,5-CF3)2}4] suggest that the initial C-F bond activation reaction 
by the Ti(III) cation proceeds via a radical abstraction. This results in the Ti(IV) cation 
[Cp*2TiF]+, which subsequently reacts via a polar mechanism with a second C-F bond 
to form Cp*2TiF2.29  
The [Cp*2M][B(C6F5)4] ion pairs are stable towards C-F bond activation reactions at 
ambient temperatures. In case of scandium and titanium, the counterion interacts with 
the metal center via two fluorine atoms, similar to the 1,2-difluorobenzene adducts. The 
M-F bond distances in the [B(C6F5)4] adducts are slightly larger than those in the 
corresponding 1,2-difluorobenzene adducts. As the Cp*-ligands apparently have a large 
degree of freedom, as seen by their rotational disorder in the crystal structure 
determination, it is unlikely that the longer C-F bonds are the result of steric repulsion 
of the large Cp*-ligand with the C6F5-groups of the anion. Instead, the elongated M-F 
bond distances might be a result of dissipation of the electronegativity on the bound 
fluorine atoms by the other fluorine substituents. In case of the titanocene cation there 
are indications for an equilibrium between the contact ion-pair [Cp*2Ti][B(C6F5)4] and 
the fluorobenzene adduct [Cp*2Ti(FC6H5)][B(C6F5)4] in fluorobenzene solution.  
4.7 Conclusions 
There is a distinct difference in reactivity of the decamethylscandocene and -titanocene 
cations towards arylic versus benzylic fluorides. The addition of fluorobenzene or  
1,2-difluorobenzene to the [Cp*2M] cations (M = Sc, 2a; Ti: 2b) results in the 
formation of the first isolated and structurally characterized transition metal  
κF-fluorobenzene (3a,b) and κF2-1,2-difluorobenzene adducts (4a,b). On the other 
hand, addition of α,α,α-trifluorotoluene to these metallocene cations results in a rapid 
C-F bond activation, albeit via different mechanisms. The decamethylvanadocene 
cation is not reactive towards organofluorides. The interaction with the organofluorides 
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is weak and mainly electrostatic in nature. As a result, the reactivity of these transition 
metal cations with fluoroarenes is highly susceptible to changes in the [Cp*2M] cations, 
such as the size and electronegativity of the metal center, or the nature of the 
counterion, which can also have an interaction with the metal center.  
The reactivity of these metallocene cations towards carbon bound fluorine atoms is 
reflected by the relative stability of the [Cp*2Ti] cation with the [B(C6F5)4] and 
[B{C6H3(3,5-CF3)2}4] anions. Whereas the first results in the formation of a stable 
contact ion-pair, the generation of the decamethyltitanocene cation with the 
[B{C6H3(3,5-CF3)2}4] anion results in a rapid C-F bond activation. Thus the relative 
reactivity of these metallocene cations towards benzylic versus arylic C-F bonds has 
large implications for the choice of fluorinated anion, or perfluorinated substituents in 
general, in conjunction with highly electrophilic metal cations and/or metal cations in a 
low oxidation state.  
For [Cp*2Ti][B(C6F5)4] a contact ion-pair was observed, whereas a structure with an 
intramolecular C-H…Ti interaction with a Cp*-methyl group was seen in case of the 
decamethyltitanocene cation with the [BPh4] anion (chapter 3), even though the 
[B(C6F5)4] anion is regarded as a more weakly coordinating anion. The cause is 
probably the limited space in between the wedges of the Cp*-ligands. This prevents 
coordination of the tetraphenyl borate anion, whereas the formation of the contact ion-
pair is accessible in case of the [B(C6F5)4] anion.  
4.8 Experimental 
General considerations The same considerations are valid as described in chapter 2. 
Fluorobenzene-dn (n = 0,5) and α,α,α-trifluorotoluene were degassed and stored over 
mol. sieves (4Å). The syntheses of [PhNMe2H][B{C6H3(3,5-CF3)2}4] was based on that 
described by Taube et al. but using dichloromethane (instead of H2O/MeOH 1:1) as a 
solvent.30 The ISOPARTM solution of [(CnH2n+2)2NMeH][B(C6F5)4] (n = 16-18) was 
kindly provided by the DOW Chemical Company, and [PhNMe2H][B(C6F5)4] by 
ExxonMobile Chemical Company. 19F NMR spectra were recorded on a Varian Gemini 
200 spectrometer and GC-MS spectra at 70 eV using a HP5973 mass-selective detector 
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attached to a HP6890 GC equipped with a HP-5MS biphenyl/dimethylsiloxane (5/95) 
column.  
[Cp*2Sc(FC6H5)2][BPh4] (3a) from [Cp*2Sc][BPh4]. [Cp*2Sc][BPh4] (25.9 mg,  
41 µmol) was dissolved in 1 mL of fluorobenzene. Slow evaporation of the solvent at 
reduced pressure afforded 8.9 mg (9 µmol, 21%) of yellow crystals of 
[Cp*2Sc(FC6H5)2][BPh4]·2C6H5F. Anal. Calcd for C56H60BF2Sc·2C6H5F: C, 79.85;  
H, 6.93. Found: C, 80.22; H, 7.86.31 The crystals were further characterized by X-ray 
diffraction. Dissolution of the compound in THF-d8 results in the clean formation of the 
bis-THF adduct 1a. 
[Cp*2Ti(FC6H5)][BPh4] (3b) from Cp*2TiMe and [PhNMe2H][BPh4]. 
Fluorobenzene (40 mL) was added to a frozen mixture of 660 mg (1.98 mmol) of 
Cp*2TiMe and 874 mg (1.98 mmol) of [PhNMe2H][BPh4]. The frozen mixture was 
allowed to warm to ambient temperature and the reaction mixture was stirred. The color 
darkened while gas evolution was observed. After 3h the solution was decanted and 
concentrated. Crystallization by slow diffusion of pentane into the fluorobenzene 
solution yielded 869 mg (1.04 mmol, 53%) of [Cp*2Ti(FC6H5)][BPh4](C6H5F).  
Anal. Calcd for C50H55BFTi·C6H5F: C, 81.06; H, 7.29; Ti: 5.77. Found: C, 80.36;  
H, 7.40; Ti, 5.62.32 IR (nujol/KBr) 441(w), 469(w), 484(w), 503(w), 520(w), 535(w), 
611(s), 625(w), 688(m), 705(s), 732(s), 754(s), 773(w), 804(m), 842(m), 900(w), 
990(m), 1018(m), 1063(m), 1106(m), 1155(m), 1181(w), 1213(m), 1262(m), 1304(w), 
1307(w), 1378(s), 1529(w), 1578(m), 2672(w), 2726(w), 2855(s) cm-1. Dissolution of 
the compound in d8-THF and analysis by 1H NMR spectroscopy showed resonances 
corresponding to the THF adduct 1b and free fluorobenzene.  
[Cp*2Ti(FC6H5)][BPh4] (3b) from [Cp*2Ti][BPh4]. At -40oC, 20 mL of 
fluorobenzene was added to 0.40 g (0.63 mmol) of solid [Cp*2Ti][BPh4]. The mixture 
turned green instantaneously. While stirring, the mixture was warmed to ambient 
temperature. The solution was filtered, and the fluorobenzene solvent was removed at 
reduced pressure. The resulting green solid was rinsed repeatedly with pentane. After 
prolonged drying in vacuum (to 0.005 mm Hg) this yielded 0.39 g (0.54 mmol, 85%) of 
[Cp*2Ti(FC6H5)][BPh4]. The IR spectrum of the compound is similar to that described 
above. Crystals suitable for X-ray diffraction were obtained from fluorobenzene by 
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slow diffusion of pentane into the solution, and were found to have the stoichiometry 
[Cp*2Ti(FC6H5)][BPh4].C6H5F.  
Reaction of [Cp*2V][BPh4] with C6H5F. [Cp*2V][BPh4] (96 mg, 0.15 mmol) was 
dissolved in fluorobenzene. After 12 h the solution was filtered and the solvent 
evaporated at reduced pressure. The brown, oily precipitate was washed with pentane 
affording 52 mg of a brown solid. The 1H NMR spectrum of the compound in THF-d8 
is similar to that of 1c; the 19F NMR showed no signals for fluorobenzene. 
[Cp*2Sc(C6H4F2)][BPh4] (4a) from [Cp*2Sc][BPh4]. 1,2-Difluorobenzene (0,5 mL) 
was added to 24.8 mg (39 µmol) of [Cp*2Sc][BPh4]. On top of the solution, 3 mL of 
cyclohexane was layered carefully. Slow mixing of the two layers resulted in the 
precipitation of 12.9 mg (17 µmol, 44%) of [Cp*2Sc(F2C6H4)][BPh4]. The 1H NMR 
spectrum of the compound in THF-d8 revealed signals for the THF adduct 1a and  
1,2-difluorobenzene. Anal. Calcd for C50H54BF2Sc: C, 80.30; H, 7.28. Found: C, 80.03; 
H, 7.11.31 IR (KBr pellet) 3052(s), 3033(m), 2982(m), 2967(m), 2920(s), 2909(s), 
2853(m), 1604(m), 1592(m), 1579(m), 1487(s), 1429(s), 1319(m), 1266(m), 1232(m), 
1185(w), 1152(w), 1066(m), 1031(m), 883(w), 846(w), 747(s), 744(s), 704(s), 607(m), 
450(m). Recrystallization of the compound from 1,2-difluorobenzene/cyclohexane 
afforded crystals suitable for a single-crystal X-ray diffraction study.  
 [Cp*2Ti(F2C6H4)][BPh4] (4b) from [Cp*2Ti][BPh4]. [Cp*2Ti][BPh4] (54.2 mg,  
85 µmol) was dissolved in 0.5 mL of 1,2-difluorobenzene. The green solution was 
layered with 2.5 mL of cyclohexane. Slow diffusion of the cyclohexane into the  
1,2-difluorobenzene solution afforded 58.6 mg (68 µmol, 80%) of blue-green crystals 
of [Cp*2Ti(1,2-F2C6H5)][BPh4]·(C6H4F2). The 1H NMR spectrum of the compound in 
THF-d8 was identical to that of the mono-THF adduct 1b and showed resonances for 
1,2-difluorobenzene. Anal. Calcd for C50H54BF2Ti.C6H4F2: C, 77.69; H, 6.75; Ti, 5.33. 
Found: C, 77.68; H, 6.85; Ti, 5.53.31 IR (KBr pellet) 3052(m), 3035(m), 3000(m), 
2982(m), 2922(m), 2907(m), 2864(w), 2852(w), 1616(w), 1595(w), 1580(m), 1506(m), 
1490(s), 1451(m), 1427(s), 1382(m), 1326(w), 1302(w), 1267(m), 1233(m), 1184(w), 
1153(w), 1121(w), 1100(w), 1065(m), 1022(m), 824(m), 742(s), 733(s), 703(s), 624(w), 
609(m), 563(w), 547(w), 450(m). In a separate experiment, 34 mg (55 µmol) of 
[Cp*2Ti][BPh4] was dissolved in 0.5 mL of 1,2-difluorobenzene. From this solution, 
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40.2 mg (46 µmol, 84%) of blue-green crystals of  
[Cp*2Ti(1,2-F2C6H5)][BPh4]·(C6H4F2) were obtained after slow diffusion of 
cyclohexane into the solution. These crystals were used for an X-ray analysis.  
Reaction of [Cp*2Sc][B(C6F5)4] with α,α,α-trifluorotoluene. To a solution of 4.9 mg 
(7.7 µmol) of [Cp*2Sc][BPh4] in 0.5 mL of fluorobenzene, 2.4 mg (16 µmol) of  
α,α,α-trifluorotoluene was added. The color of the solution immediately changed to 
orange. The reaction mixture was studied by NMR spectroscopy. 1H NMR (C6H5F,  
200 MHz, RT): δ 7.3-6.5 (PhF, PhB, PhCF3), 2.07 (Cp*); 19F NMR (C6H5F, 200 MHz, 
RT): δ 88.0 (Cp*2ScF). 
Reaction of [Cp*2Ti][BPh4] with α,α,α-trifluorotoluene. α,α,α-trifluorotoluene  
(5.2 mg, 350 µmol) was added to a solution of [Cp*2Ti][BPh4] (47.7 mg, 75 µmol) in  
5 mL of fluorobenzene resulting in an orange-brown solution. The volatiles were 
removed under reduced pressure, and the reaction mixture was sublimed (300 mTorr, 
148 °C) affording 18 mg (51 µmol, 67%) of orange crystals of Cp*2TiF2. In a separate 
experiment, an NMR tube was charged with 12 mg (19 µmol) of [Cp*2Ti][BPh4],  
0.5 mL of fluorobenzene-d5, and 4.6 µL (38 µmol) of α,α,α-trifluorotoluene. 1H NMR 
(fluorobenzene-d5, 200 MHz, RT): δ 8.3-7.0 (PhB, PhCF3, PhCF2CF2Ph), 2.07 (Cp*), 
1.72; 19F NMR (fluorobenzene-d5, 200 MHz, RT): δ 69.0 (Cp*2TiF2), -64.0 (PhCF3),  
-112.4 (PhCF2CF2Ph). Alcoholysis with methanol-d4 and GC-MS analysis of the 
mixture revealed α,α,α-trifluorotoluene (146 m/e), Cp*H (136 m/e), 1,2,3,4-
tetramethylfulvene (134 m/e), biphenyl (154 m/e), 1,2-diphenyl-1,1,2,2-
tetrafluoroethane (254 m/e), unidentified compound (224 m/e), triphenylborane  
(242 m/e), and Cp*2TiF2 (356 m/e). 
Reaction of [Cp*2V][BPh4] with α,α,α-trifluorotoluene. To 34.5 mg (54 µmol) of 
[Cp*2V][BPh4] 1 mL of α,α,α-trifluorotoluene was added. After 1 h the mixture was 
filtered and hexane (3 mL) was layered carefully on top of the α,α,α-trifluorotoluene 
solution affording 11.9 (19 µmol, 34%) of red crystals of the starting material 
(identified by IR spectroscopy and X-ray analysis). 
Generation of [Cp*2Ti(THF)][B(C6F5)4] (1b'). To a mixture of 5.6 mg (16.8 µmol) of 
Cp*2TiMe and 16.2 mg (17.6 µmol) of [PhNMe2H][B(C6F5)4], 0.5 mL of THF-d8 was 
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added. 1H NMR (THF-d8, 200 MHz, RT): δ 11.7 (br, ∆ν½ = 286 Hz, Cp*), 7.24  
(br, m-PhNMe2), 6.87 (br, o-PhNMe2), 6.80 (br, p-PhNMe2), 3.00 (s, PhNMe2);  
19F NMR (THF-d8, 200 MHz, RT): δ -133.79 (br, o-F), -165.89 (t, 19.81 Hz, p-F),  
-169.35 (br. t, m-F). 
Generation of [Cp*2Ti(THF)][B{C6H3(3,5-CF3)2}4] (1b"). A solution of 7.0 mg  
(22 µmol) of Cp*2TiMe in 0.5 mL of THF-d8 was added to 21.0 mg (22 µmol) of 
[PhNMe2H][B{C6H3(3,5-CF3)2}4]. 1H NMR (THF-d8, 200 MHz, RT): δ 11.7  
(br, ∆ν½ = 262 Hz, Cp*), 7.79 (s, o-ArB), 7.58 (s, p-ArB), 7.12 (br, m-PhNMe2), 6.72 
(br, o-PhNMe2), 6.60 (br, p-PhNMe2), 2.91 (s, PhNMe2); 19F NMR (THF-d8, 200 MHz, 
RT): δ -64,67 (br, ArCF3).  
[Cp*2Sc][B(C6F5)4] (2a'). Toluene (1mL) was added to a mixture of 30.6 mg (93 µmol) 
of Cp*2ScMe and 73.0 mg (91 µmol) of [PhNMe2H][B(C6F5)4]. The resulting solution 
was layered with cyclohexane resulting in a brownish, oily precipitate. Upon standing 
for one week, the compound crystallized to yield 55.3 mg (56 µmol; 62%) of 
[Cp*2Sc][B(C6F5)4] after decanting the toluene solvent and washing with pentane  
(2 x 2mL). IR (KBr pellet) 2961(m), 2920(m), 2872(m), 1644(m), 1603(s), 1515(s), 
1465(m), 1385(m), 1277(s), 1250(w), 1090(s), 1049(w), 1028(w), 980(s), 774(m), 
757(m), 728(w), 684(m), 661(m), 608(w), 574(w), 461(m) cm-1. Anal. Calcd for 
C44H30BF20Sc: C, 53.19; H, 3.04. Found: C, 53.16; H, 3.32.32 The 1H NMR spectrum of 
the complex in THF-d8 is very similar to that of 1a, with the exception of the 
resonances for the counterion. 
[Cp*2Ti][B(C6F5)4] (2b') from Cp*2TiMe and [(CnH2n+2)2NMeH][B(C6F5)4]  
(n = 16-18). Cyclohexane (0.5 mL) and 32.6 mg (98 µmol) of Cp*2TiMe in another  
0.5 mL of cyclohexane was layered on top of 1.04 g of a 10.8 weight% ISOPARTM 
solution (94 µmol) of [(CnH2n+2)2NMeH][B(C6F5)4] (n = 16-18). The two layers mixed 
slowly, resulting in a brown, oily precipitate. Overnight greenish-brown crystals 
precipitated, that were suitable for X-ray analysis. Washing of the crystals with pentane 
(2 mL) resulted in 75 mg (75 µmol, 77%) of [Cp*2Ti][B(C6F5)4]. The 1H and 19F NMR 
spectrum of the compound in THF-d8 is similar to that of 1b'. Anal. Calcd for 
C44H30BF20Ti: C, 52.99; H, 3.03. Found: C, 50.75; H, 3.35.32 
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[Cp*2Ti][B(C6F5)4] (2b') from Cp*2TiMe and [PhNMe2H][B(C6F5)4]. To a mixture 
that was frozen in liquid nitrogen of 122 mg (0.37 mmol) of Cp*2TiMe and 320 mg 
(0.35 mmol) of [PhNMe2H][B(C6F5)4], 10 mL of fluorobenzene was added. The 
reaction mixture was stirred for 1h, resulting in a green solution. The solvent was 
removed in vacuum and the resulting green oil was washed 5 times with 10 mL of 
pentane. After drying in vacuum, this afforded 0.30 g (0.3 mmol, 86%) of 
[Cp*2Ti][B(C6F5)4]. The 1H and 19F NMR spectra of the compound in THF-d8 show 
resonances for the THF adduct 1b' and for a diamagnetic impurity with a resonance at 
2.05 ppm (17% assuming the impurity involves a [Cp*2M] fragment). Hence, no 
satisfactory elemental analysis could be obtained.  
[Cp*2Ti(FC6H5)][B(C6F5)4] (3b’). To a mixture of 33.0 mg (99 µmol) of Cp*2TiMe 
and 75.6 mg (94 µmol) of [PhNMe2H][B(C6F5)4] 1 mL of fluorobenzene was added. 
Slow diffusion of 3 mL of cyclohexane into the fluorobenzene resulted in 79.3 mg  
(80 µmol; 80%) of green crystals. The compound was recrystallized from 
fluorobenzene/cyclohexane to afford crystals that were suitable for a single-crystal  
X-ray analysis. Crystals thus obtained were also submitted for elemental analysis. The 
IR (KBr pellet) 2981(w), 2926(m), 2858(m), 1643(m), 1597(w), 1514(s), 1464(s), 
1384(m), 1276(m), 1222(w), 1163(w), 1092(s), 1021(w), 979(s), 774(m), 756(m), 
726(w), 684(m), 661(m), 610(w), 574(w), 531(w), 475(w) cm-1. Anal. Calcd for 
C50H35BF21Ti: C, 54.92; H, 3.23. Found: C, 53.84; H, 3.34.32 The 1H and 19F NMR 
spectrum of the compound in THF-d8 showed resonances for 1b' and fluorobenzene. 
[Cp*2V][B(C6F5)4] (2c'). Fluorobenzene (1.5 mL) was added to a mixture of 55.0 mg 
(0.16 mmol) of Cp*2VMe and 125.7 mg (0.16 mmol) of [PhNMe2H][B(C6F5)4]. The 
resulting solution was layered with cyclohexane (3 mL), which afforded 140.2 mg  
(0.14 mmol; 89%) of red crystals after slow diffusion of the two solvents, removal of 
the supernatant, and washing with pentane (2x1mL). IR (KBr pellet) 2981(w), 2924(w), 
2867(w), 1644(m), 1603(s), 1515(s), 1463(m), 1385(m), 1278(s), 1085(w), 1023(w), 
980(s), 775(m), 757(m), 726(w), 684(m), 661(m), 604(w), 574(w) cm-1. Anal. Calcd for 
C44H30BF20V: C, 52.83; H, 3.02. Found: C, 52.14; H, 3.04.32 
Reaction of Cp*2TiMe with [PhNMe2H][B(C6H3(3,5-CF3)2] in fluorobenzene-d5. 
Fluorobenzene-d5 (0.5 mL) was added to a mixture of 7.2 mg (21.6 µmol) of Cp*2TiMe 
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and 21.2 mg (21.5 µmol) of [PhNMe2H][B(C6H3(3,5-CF3)2]. The color of the reaction 
mixture instantaneously turned from green to bluish green. To the solution THF-d8 was 
added. 1H NMR (d8-THF, 200MHz, RT): δ 16.4 (br, ∆ν½ = 9 Hz), 7.8  
(br, ∆ν½ = 11 Hz), 7.6 (br, ∆ν½ = 11 Hz), 3.37 (s, PhNMe2) 1.87 (s, Cp*); 19F NMR 
(THF-d8, 200MHz, RT): δ 72.3 (Cp*2TiF2), -63.6 (ArCF3). GC-MS analysis of the 
reaction mixture after deuterolysis revealed bis(trifluoromethyl)benzene (214 m/e), 
1,2,3,4- tetramethylfulvene (134 m/e), unidentified compound (279 m/e).  
Reaction of Cp*2TiMe with [PhNMe2H][B(C6H3(3,5-CF3)2] in toluene. A mixture of 
toluene and cyclohexane (2 mL, 1:1 mixture) was added to 12.4 mg (µmol) of 
Cp*2TiMe and 36.5 mg (µmol) of [PhNMe2H][B(C6H3(3,5-CF3)2]. After 1h the solvents 
were decanted from the resulting mixture of brownish oil and crystals. The mixture was 
subsequently washed with cyclohexane (2x2mL) after which the compound was dried 
at reduced pressure. The 1H NMR spectrum and 19F NMR spectra in THF-d8 were 
consistent with a mixture of [Cp*2TiF(THF-d8)]+ (see below), Cp*2TiF2 and C6H4CF3 
groups. 
[Cp*2TiF(THF)][BPh4]. A solution of 0.37 g (1.09 mmol) of Cp*2TiF in 10 mL of 
THF was added to a suspension of 0.51 mg (1.00 mmol) of [Cp2Fe][BPh4] in 15 mL of 
THF. The reaction mixture was stirred for 2 h after which the dark red solution was 
filtered and the solvent removed at reduced pressure. The resulting dark-red compound 
was washed with pentane (2x10 mL). Recrystallization from THF resulted in 0.34 g 
(0.52 mmol, 52%) of red, X-ray quality crystals of [Cp*2TiF][BPh4] by slow 
evaporation of the solvent. 1H NMR (THF-d8, 200 MHz, RT) δ 7.3  
(br, ∆ν½ = 15 Hz, BPh4), 6.84 (t, 7.1Hz, BPh4), 6.69 (t, 7.6 Hz, BPh4), 1.99 (s, Cp*);  
19F NMR (THF-d8, 200 MHz, RT) δ 261.3 (s, TiF). IR (KBr pellet) 3050(s), 2997(s), 
2982(s), 2964(s), 2905(m), 1641(w), 1579(m), 1478(s), 1426(s), 1380(s), 1337(w), 
1266(m), 1242(w), 1181(w), 1148(m), 1125(w), 1102(w), 1065(w), 1030(m), 1017(m), 
996(m), 915(w), 905(w), 851(m), 827(s), 743(s), 732(s), 705(s), 625(m), 605(m), 
580(m), 483(w), 462(w), 430(m). Anal. Calcd for C48H58BFOTi: C, 79.12; H, 8.02;  
Ti, 6.57. Found: C, 79.72; H, 8.34; Ti, 6.41.32 
[Cp*2V][B(C6H3(3,5-CF3)2] (2c"). Toluene (1 mL) was added to a mixture of 36.7 mg 
(0.11 mmol) of Cp*2VMe and 101 mg (0.10 mmol) of [PhNMe2H] 
Reactivity of the decamethylmetallocene cations towards C-F bonds 
 83
[B{C6H3(3,5-CF3)2}4], which resulted in the precipitation of red crystals. The toluene 
solution was decanted and the crystals were washed with pentane (2x2 mL) affording 
101 mg (0.09 mmol, 83%) of [Cp*2V][B(C6H3(3,5-CF3)2]. IR (KBr pellet) 3018(w), 
2996(w), 2978(w), 2922(w), 2872(w), 1612(m), 1484(w), 1463(w), 1451(w), 1428(w), 
1384(w), 1356(s), 1279(s), 1163(s), 1129(s), 1016(m), 948(w), 930(w), 888(m), 
839(m), 806(w), 745(m), 714(m), 682(m), 670(m), 622(w), 603(w),581(w),  
448(w) cm-1. Calcd for C52H42BF24V: C, 52.72; H, 3.57; V, 4.30. Found: C, 52.66; H, 
3.57; V, 4.26. 32 
X-ray analysis. In a glovebox, suitable crystals were mounted on top of a glass fiber. 
The crystals were aligned in a cold nitrogen stream on a Enraf-Nonius33 CAD-4F (3b) 
or a Bruker34 SMART APEX CCD (all others) diffractometer. The unit cells were  
determined as listed in Table 4.9 - Table 4.11. The structures were solved by Patterson 
methods and extension of the model was accomplished by direct methods applied to 
difference structure factors using the program DIRDIF.35  
The hydrogen atoms in 3a were included by geometrical considerations, which 
coordinates and isotropic displacement parameters were refined. Some hydrogen atoms 
did not behave well in the refinement, and were ultimately set to riding mode. The 
hydrogen atoms were included in the final refinement riding on their carrier atoms with 
their positions calculated by using sp2 of sp3 hybridization at the C-atom as appropriate, 
with Uiso = c x Uequiv of their parent atom, where c = 1.2 for the non-methyl hydrogen 
atoms and c = 1.5 for the methyl hydrogen atoms, and where values Uequiv are related to 
the atoms to which the hydrogen atoms are bonded. A disordered fluorobenzene solvent 
molecule complicated refinement of 3b. The site occupancy factor of the major fraction 
refined to a value of 0.656(5). A subsequent difference Fourier synthesis showed the 
positions of most hydrogen atoms. These were treated similarly as in 3a. This is also 
true for the hydrogen atoms in 4a. Refinement of the structure of 4a was complicated 
by a disorder problem in one tetraphenylborate anion: the carbon atoms showed 
unrealistic displacement parameters when allowed to vary anisotropically, suggesting 
dynamic disorder (dynamic means that the smeared electron density is due to 
fluctuations of the atomic positions within each unit cell). This is in line with the weak 
scattering power of the crystals investigated. It was not possible to satisfactorily 
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The positional and anisotropic displacement parameters for the non-hydrogen atoms 
were refined. In case of 4b and [Cp*2TiF(THF)][BPh4] subsequent difference Fourier 
synthesis resulted in the location of all hydrogen atoms, which coordinates and isotropic 
displacement parameters were refined. Some atoms of the Cp*-ligand in 5a' showed 
unrealistic displacement parameters when allowed to vary anisotropically, suggesting 
 
Table 4.10. Summary of crystallographic data for 2a'-c'. 

















µ(Mo Kα), cm-1 
θ range (deg.) 
wR(F2) 
  reflections 
  parameters 
R(F) 
  for Fo > 4.0 σ(Fo) 
GooF 
Weighting (a,b) 
Flack's par. (x) 
C44H30BF20Sc 
994.46 














































































dynamic disorder. The hydrogen atoms were again included as in 3a, except for those 
of the bridging methyl group. In case of the latter, the hydrogen atoms were fixed at a 
C-H bond length of 1.0 Å and refined as such. A similar disorder in the Cp*-ligands 
was found in complex 2a' and 2b'. These structures were refined as described for 5a' 
The hydrogen atoms in 3b' were obtained similar as in 3a. Refinement was complicated 
by a twin/fragmented problem: although the wR2 value did not decrease substantially 
while switching to anisotropic refinement, no unrealistic displacement parameters were 
Table 4.11. Summary of crystallographic data for 5a', 3b' and [Cp*2TiF(THF)]+. 
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obtained. The structure of 2c' was treated in the same way as 2c and was found to have 
the same disorder (site occupancy factor of the major fraction: 0.890(3)). 
In all crystal structure determinations, final refinement on F2 was carried out by full-
matrix least-squares techniques. Convergence was reached at wR(F2) and R(F) values 
as listed in Table 4.9 - Table 4.11 and for reflections with Fo ≥ 4.0 σ(Fo). Except for 
3b', the final difference Fourier map was essentially featureless: no significant peaks 
having chemical meaning above the general background were observed; in 3b', the final 
difference Fourier map showed features within the range –0.8 to 2.5(1) e/Å3.  
In each analysis, the positional and anisotropic displacement parameters for the non-
hydrogen atoms and isotropic displacement parameters for hydrogen atoms were 
refined on F2 with full-matrix least-squares procedures minimizing the function  
Q = ∑h[w(│(Fo2) - k(Fc2)│)2], where w = 1/[σ2(Fo2) + (aP)2 + bP], P = [max(Fo2,0) + 
2Fc2] / 3. F0 and Fc are the observed and calculated structure factor amplitudes, 
respectively; a and b were refined. Crystal data, data collection, and refinement 
parameters are summarized in Table 4.9 - Table 4.11. 
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5 Reactivity of the decamethylmetallocene cations towards 
ketones* 
Early transition metal complexes play an important role in the (selective) 
transformation of ketones,1 such as reduction,2 hydrosilylation,3 olefination,4 addition of 
metal-alkyl fragments,5 Aldol condensation6 and reductive coupling to form diols 
(pinacol coupling).7 It is expected that the initial step in these transformations is the 
coordination of the substrate via the oxygen atom. The ketone ligand can bind to early 
transition metals in different ways, depending on the electronic configuration of the 
metal center and the steric demands of the ancillary ligands. They range from linear (A) 
to bent κO-bound adducts (B),8 side-on bound ketone complexes, in which the binding 
of the ketone is accompanied by an oxidative addition (C),7b,9 and dimeric structures  
(D, E, Scheme 5.1).10  
5.1.1 Fundamental reactions in the transformation of ketones 
An important reaction in the transformation of ketones is the migratory insertion of the 
C=O bond into a metal-alkyl bond, similar to the insertion of olefins reported for the 
catalytic olefin polymerization reaction (A, Scheme 5.2). Interestingly, in case of  
d1-titanocene(III) alkyl complexes no insertion reaction is observed. Instead, two 
                                                          

























molecules of the ketone are coupled (B, Scheme 5.2). This type of pinacol coupling 
reaction is also observed for d2 metal complexes, in which the ketone can bind in an  
η2-fashion. Subsequent insertion of a second molecule of ketone results in a formal 
coupling reaction (C, Scheme 5.2). In case of the ketone olefination reactions, the 
ketone reacts with a carbene species via a [2+2] cycloaddition reaction  
(D, Scheme 5.2).  
Scheme 5.2 
L = ancillary ligand
M = early transition metal
R = alkyl substituent
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In this chapter the reactivity of the [Cp*2M] (M = Sc, Ti, V) cations towards acetone 
and benzophenone will be addressed. Whereas κO-coordination is anticipated for the 
ketone adducts of the d0-scandocene and d1-titanocene cations, η2-ketone complexes are 
conceivable for the decamethylvanadocene cation, even though the acetone ligand in 
[Cp2V(OCMe2)][BPh4] is bound via the oxygen atom.8b For the complexes described 
here, κO-coordination was observed exclusively.  
In case of titanium and vanadium, the binding of ketones might be associated with a 
delocalization of the unpaired electrons, as depicted in Scheme 5.2 B, and hence with 
pinacol type of coupling reactions. The geometry of the [Cp*2V(OCPh2)] cation, as 
determined by X-ray analysis, is indeed indicative of such a delocalization. 
Nevertheless, coupling reactions similar to those described in Scheme 5.2 B are not 
observed.  
5.2 Reaction of the decamethylmetallocenes with ketones 
The addition of a small excess of acetone to 1,2-difluorobenzene solutions of the 
metallocene complexes [Cp*2M][BPh4] (M = Sc: 2a, Ti: 2b, V: 2c) resulted in the 
formation of the corresponding acetone adducts (6a-c) (Scheme 5.3). The stoichiometry 
of the acetone adducts is the same as in the corresponding THF adducts described in 
chapter 2: for scandium, a bis-acetone adduct is formed, whereas mono-acetone adducts 
are obtained for titanium and vanadium. The CO bands in the IR spectra for 2b,c  
(1665 and 1672 cm-1) are shifted to lower energy with respect to free acetone and are in 
the range found for other acetone adducts of early transition metal complexes  









Sc: n = 2 (6a)
Ti: n = 1 (6b)
V: n = 1 (6c)  
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The pinacol coupling mentioned in section 5.1.1 was not observed. Also in case of the 
non-substituted metallocene complexes [Cp2Ti(OCMe2)(THF)]+ and [Cp2V(OCMe2)]+ 
such a coupling was not observed, suggesting that this is due to the fact that Coulomb 
repulsion disfavors bimolecular reactions between the two cations. Another reason may 
be the fact that the large Cp*-ligands prevent the formation of a dimeric product, as 
seen in the neutral titanium(III) acetone adduct Cp*2TiMe(OCMe2), for which also no 
pinacol coupling reaction was observed.11 
The analogous reaction of the base-free decamethylmetallocene cations with 
benzophenone resulted in the formation of the three corresponding mono-benzophenone 
adducts (7a-c, Scheme 5.4).  
5.3 Structure of the decamethylmetallocene ketone adducts 
5.3.1 Structure of the acetone adducts 
The acetone adducts 6a-c were studied by single-crystal X-ray diffraction. The 
asymmetric unit of [Cp*2Sc(OCMe2)2][BPh4] consists of two crystallographically 
independent, but geometrically identical scandocene cations, each situated on a 
crystallographic C2-axis and of one tetraphenylborate anion. ORTEP representations of 
the cations of 6a-c are depicted in Figure 5.1 (Table 5.1 consists of selected bond 
distances and angles). The geometry of the acetone adducts closely resemble that of the 
corresponding THF adducts 1a-c. The Cp*-M-Cp* angles are slightly larger (M = Sc: 
2.50(5); Ti: 4.13(7); V: 2.16(4)°), but the O-M-O angle in 6a (91.50(4)°) is virtually 
identical to that in the THF adduct 1a (91.59(5)°). The Cp*-M and the M-O bond 
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might be a result of the fact that acetone is more planar than THF and therefore less 
affected by steric repulsion from the large Cp*-ligands (Figure 5.2). The Ti-O bond 
distance in 6a is shorter than that in [Cp2Ti(OCMe2)(THF)]+,8a as expected considering 
the lower coordination number of the metal center in 6a. The V-O bond distance in 6c 
of 2.0584(13) is smaller than that in [Cp2V(OCMe2)]+ (2.081(4) Å).8b The C-O bond 
distances in the acetone complexes (M = Sc: 1.2248(19); M = Ti: 1.2330(17); M = V: 
1.225(2) Å) are in the range of other κO-acetone adducts (1.212 - 1.269 Å),8 and not 
significantly longer than those found in the crystal structure of free acetone (1.218(3) 
and 1.221(3) Å).12  
The most interesting feature in these acetone adducts is found in the M-O-C bond 
angles. In case of 6a and 6b this angle is close to 180° (176.46(11) and 173.47(9)° 
respectively), whereas this is much smaller in 6c (141.66(13)°). This will be further 
discussed in section 5.5. 
 
Table 5.1. Selected bond distances and angles of the cations of 6a-c. 




















































a Cp*(1) is the centroid of the C(11)-C(15) ring (M = Sc, V) or C(1)-C(5) ring (M = Ti). b Cp*(2) is the 
centroid of the C(11)-C(15) ring (M = Ti) or C(111)-C(115) ring (M = V). c M = Sc, V: n=1; M = Ti, 
n=0. d M = Sc: m =11; M = Ti: m = 2; M = V: m = 12. e Σ{angles M(1)} is defined as the sum of the 
angles around M(1). f Σ{angles C(m1)} is defined as the sum of the angles around C(m1).  






           
 1a 6a 
Figure 5.2. Space filling models (front view, with the Cp*-ligands at the back) of the cations of 
the bis-THF (1a) and bis-acetone adduct (6a) of scandium. 
 
 
Figure 5.1. ORTEP representation of the cation of 6a-c showing 50% probability ellipsoids. 
The anions  and hydrogen atoms are omitted for clarity. 
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5.3.2 Structure of the benzophenone adducts 
ORTEP representations of the benzophenone adducts 7a-c can be found in Figure 5.3 
(Table 5.2 for selected bond distances and angles). Compounds 7a and 7b are 
isomorphous, and have virtually identical geometries, taking into account the difference 
in ionic radius of Sc3+ and Ti3+.13 The M-O bond distance in the benzophenone adduct 
[Cp*2Ti(OCPh2)]+ is similar to that in the corresponding acetone adduct 6b (1.988(3) 
vs. 2.0056(10) Å), whereas this distance in 7a is significantly shorter than that in the 
bis-acetone adduct of scandium (2.051(2) vs. 2.1380(12) Å), in response to the lower 
coordination number of the metal in 7a. The M-O-C angles in 7a,b are comparable to 
those in the corresponding acetone adducts, i.e. close to linear. 
The [Cp*2V(OCPh2)] cation also adopts the usual bent metallocene geometry, with a 
linear V-O-C bond angle of 176.9(3)°. This angle is different from that in the acetone 
adduct 6c (141.66(13)°). Furthermore, the M-O bond length in 7c (1.820(3) Å) is 
considerably shorter than that in 7a,b (2.051(2), 1.988(3) Å) and that in 6c  
(2.0584(13) Å), whereas the C-O bond is clearly elongated compared to the other 
ketone adducts (1.359(5) for 7c vs. 1.2248(19) - 1.259(5) Å for the other ketone 
complexes). Nevertheless, it is smaller than the C-O single bond distance in the 
alkoxyvanadium compound (Ind)(t-BuN=)(t-BuO)VCl (C-O = 1.442(4) Å).14  
The binding of the benzophenone ligand in 7c is similar to that in 
{MeOSi(Me)2C(SiMe3)2-κC,κO}2Sm(OCPh2),15 with comparable C-O bond distances 
(1.346(6) Å), and contracted M-O bond distances (2.093(3) in the samarium 
benzophenone adduct vs. 2.545(4) Å in the corresponding THF adduct). Furthermore, 
the M-O-C bond in this samarium compound is linear, like in 7c. These M-O and C-O 
bond distances suggest a delocalization of the unpaired electrons and will be further 






Figure 5.3. ORTEP representation of the cation of 7a-c showing 50% probability ellipsoids. 
The anions and hydrogen atoms are omitted for clarity. 
Table 5.2. Selected bond distances and angles of the cations of 7a-c. 













































a Cp*(1) is the centroid of the C(11)-C(15) ring. b Cp*(2) is the centroid of the C(111)-C(115) ring.  
c Σ{angles M(1)} is defined as the sum of the angles around M(1). d Σ{angles C(121)} is defined as the 
sum of the angles around C(121).  
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5.4 Computational studies on the ketone adducts 
Both the acetone and the benzophenone adducts were studied using RIDFT calculations 
(see section 2.3 for more information on the calculations, and Figure 5.4 and Table 5.3 
for energies and selected bond distances and angles). In addition to the [Cp*2M] ketone 
adducts, also the corresponding [Cp2M] complexes were considered. The optimized 
geometries are in general very similar to the X-ray data presented above. The major 











































Figure 5.4.  Relative energies (kcal/mol) for the reaction [Cp'2M] + 2 L → [Cp'2(L)n] + (2-n) L 
(Cp’ = Cp, Cp*; L = Me2CO, n = 1, 2; L =  Ph2CO , n = 1). 
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clear contraction of the V-O bond distance and an elongation of the C-O bond distance 
is observed in the X-ray structure of the complex, this is not observed in the calculated 
structure, but the optimized structure does reveal a close to linear V-O-C bond angle. 
Also the calculated spin-density in [Cp*2V(OCPh2)]+ is mainly located on the metal. 
The binding energies of acetone and benzophenone are very similar, especially in case 
of the [Cp*2M] cations. Furthermore, the calculations corroborate the observation that 
the coordination of a second molecule of acetone is favored in case of 6a. The binding 
energies in the scandocene and titanocene cations are virtually identical, whereas those 
in the vanadocene cations are considerable smaller.  
5.5 Discussion 
The coordination chemistry of the decamethylmetallocene cations towards ketones is 
highly dependent on the electron configuration and the accessibility of the metal center. 
This is not only reflected by the number of acetone and benzophenone molecules that 
bind to the [Cp*2M] cations (mono- vs. bis-ketone adducts), but also by the M-O-C 
bond angles in these complexes (linear vs. bent). In case of complexes 6a and 6b, the 
acetone ligand can donate more than 2 electrons to the metal center, resulting in a close 
to linear M-O-C angle, whereas the vanadocene cation has only one free valence orbital 
available for the interaction with acetone. Hence the acetone molecule in 6c can only 
donate 2 electrons to the metal center which is reflected by a bent M-O-C angle. This is 
supported by observations made in the structure of the titanocene cation 
[Cp2Ti(OCMe2)(THF)][Zn(B10H12)2]8a and the zwitterionic [CpB(C6F5)2(C6F5-κF1)] 
CpTi(OCMe2).8e In these complexes, one molecule of acetone and a second ligand is 
bound to the metal center. Consequently, there is one valence orbital available for the 
interaction with the acetone ligand, similar to 6c. As a result, these titanium complexes 
have bent M-O-C bond angles (140.7 and 143.2(2)° respectively), significantly smaller 
than in 6b and comparable to the corresponding angle in the acetone adduct of the 
decamethylvanadocene cation, 6c.  
In the d2-metallocene complex 6c, the acetone ligand is coordinated to the metal center 
in a bent κO-coordination mode, similar to the molecule of acetone in the unsubstituted 
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vanadocene cation [Cp2V(OCMe2)].8b A metallacyclic structure (C, Scheme 5.1) is 
observed in the isoelectronic compound [Cp2Zr(η2-OCMe2)].9b 
In the benzophenone adduct of the decamethylvanadocene cation (7c) there are some 
indications for a (partial) delocalization of the unpaired electrons. The M-O bond is 
much shorter than that in the other ketone adducts, and the C-O bond length is clearly 
elongated (Scheme 5.5). There are precedents of delocalized structures of 
benzophenone adducts. In {MeOSi(Me)2C(SiMe3)2-κC,κO}2Sm(OCPh2) a similar 
elongation of the C-O bond and contraction of the M-O bond distance was observed 
and the addition of benzophenone to (t-Bu3SiO)3Ti results in the formation of a 
titanium(IV) species that is in equilibrium with its dimer (t-Bu3SiO)3Ti 
{µ-OC(Ph)2CH(CH=CH)2C=C(Ph)O}Ti(t-Bu3SiO)3 (Scheme 5.6).16 The charge 
delocalization is not supported by RIDFT calculations. In that case no elongation of the 
C-O bond and decrease in M-O bond length was observed. Furthermore, the 
calculations reveal spin density is mainly located on the metal center. The exact nature 
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5.6 Conclusions 
The reaction of the decamethylmetallocene cations with ketones resulted in the 
formation of κO-ketone adducts. The stoichiometry of the reactions is dependent on 
both electronic and steric factors. The M-O-C angle in these ketone adducts is 
dependent on the number of free valence orbitals in the base-free metallocene cations. 
A bent coordination of the ketone is observed in case of complexes with one free 
valence orbital (M = V), whereas linear structures are observed when the ketone can 
donate more than 2 electrons to the metal center (M = Sc, Ti). In the benzophenone 
adduct [Cp*2V(OCPh2)]+, an elongated C-O bond and contracted M-O bond was 
observed, suggesting delocalization of the unpaired electrons. The acetone and 
benzophenone ligands in the other complexes seem virtually unaffected by the binding 
to the metallocene cations. 
5.7 Experimental Section 
General considerations. The same considerations are valid as described in the 
previous chapters.  
[Cp*2Sc(OCMe2)2][BPh4] (6a): A portion of [Cp*2Sc][BPh4] was recrystallized from 
1,2-C6H4F2/cyclohexane, which was contaminated with acetone, resulting in single 
crystals of [Cp*2Sc(OCMe2)2][BPh4]. 1H NMR (THF-d8, RT, 200 MHz) δ 7.31  
(br, ∆ν½ 15 Hz, BPh4), 6.87 (t, 7.2 Hz, BPh4), 6.72 (t, 7.2 Hz, BPh4), 2.38  
(br, ∆ν½ 15 Hz, OCMe2), 1.79 (s, Cp*). 
[Cp*2Ti(OCMe2)][BPh4] (6b): To a solution of 34.4 mg (54 µmol) of [Cp*2Ti][BPh4] 
in 1 mL of 1,2-difluorobenzene, 9.2 mg (158µmol) of acetone was added. The solution 
was carefully layered with 3mL of cyclohexane, resulting in 33 mg (47 µmol, 87%) of 
green crystals of the mono-acetone adduct [Cp*2Ti(OCMe2)][BPh4]. IR (KBr pellet) 
3051(s), 3031(s), 2996(s), 2980(s), 2963(s), 2902(s), 2859(m), 1665(s), 1579(m), 
1478(s), 1426(s), 1378(s), 1355(m), 1264(w), 1254(m), 1181(w), 1143(m), 1065(m), 
1029(m), 1019(m), 909(w), 859(w), 844(m), 802(w), 734(s), 705(s), 624(w), 606(s), 
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533(w), 482(w), 461(m), 414(w) cm-1. Anal. Calcd for C47H56BOTi: C, 81.15; H, 8.11. 
Found: C, 79.41; H, 8.31.17 
[Cp*2V(OCMe2)][BPh4] (6c): [Cp*2V][BPh4] (41.1 mg, 94.2 µmol) was dissolved in 
1,2-C6H4F2. To the reaction mixture 9 µL (122 µmol) of acetone was added. The 
solution was carefully layered with cyclohexane to afford 20.2 mg (28.9 µmol, 45%) of 
[Cp*2V(OCMe2)][BPh4]. The compound was analyzed by X-ray analysis.  
IR (KBr pellet) 3025(s), 3031(m), 2997(m), 2982(m), 2963(m), 2920(s), 2851(w), 
1744(w), 1672(s), 1582(m), 1479(s), 1448(w), 1426(s), 1381(m), 1356(w), 1321(m), 
1281(m), 1262(s), 1183(w), 1151(w), 1128(w), 1068(s), 1019(s), 887(w), 844(w), 
801(m), 733(s), 706(s), 663(w), 639(w), 606(m), 527(w), 466(w), 414(w) cm-1. 
[Cp*2Sc(OCPh2)][BPh4] (7a): An excess of benzophenone (26.2 mg; 14 µmol) was 
added to 22.4 mg (35 µmol)[Cp*2Sc][BPh4]. Addition of 0.1 mL of fluorobenzene 
resulted in a red solution, from which red crystals (22.1 mg; 27 µmol; 77%) precipitated 
after careful layering of cyclohexane on top of the fluorobenzene solution and slow 
mixing of the two solvents by diffusion. 1H NMR (THF-d8, RT, 200 MHz) δ 7.76  
(d, 6.8 Hz, OCPh2), 7.63 (d, 7.4 Hz, OCPh2), 7.51 (t, 7.4 Hz, OCPh2), 7.3 (br, BPh4), 
6.84 (t, 7.6Hz, BPh4), 6.69 (t, 6.9Hz, BPh4), 1.91 (s, Cp*). IR (KBr pellet) 3054(s), 
3032(s), 3000(s), 2998(s), 2947(s), 2908(s), 2898(s), 2872(s), 2859(s), 1656(w), 
1605(s), 1585(s), 1554(s), 1480(w), 1447(m), 1425(w), 1381(w), 1324(s), 1292(s), 
1280(m), 1182(w), 1159(w), 1064(w), 1029(w), 999(w), 940(w), 921(w), 842(w), 
808(w), 770(w), 734(m), 703(w), 635(m), 614(w), 471(w) cm-1. Dissolution of the 
compound in fluorobenzene, slow evaporation of the solvent and washing with pentane 
resulted in crystals that were suitable for a single-crystal X-ray analysis. 
[Cp*2Ti(OCPh2)][BPh4] (7b): 1,2-Difluorobenzene (1 mL) was added to a mixture of 
72.7 mg (67 µmol) of [Cp*2Ti][BPh4] and 12.2 mg (67 µmol) of Ph2CO. The resulting 
red solution was layered with 3 mL of cyclohexane affording 38.6 mg (37 µmol; 55%) 
of red crystals of [Cp*2Ti(OCPh2)][BPh4]·2C6H4F2. IR (KBr pellet) 3054(s), 3000(s), 
2982(s), 2920(s), 2908(s), 2850(s), 1657(w), 1618(w), 1581(m), 1544(m), 1505(m), 
1482(w), 1446(m), 1526(m), 1380(w), 1327(m), 1289(w), 1266(m), 1203(w), 1182(w), 
1152(w), 1100(w), 1065(m), 1023(m), 999(w), 942(w), 925(w), 842(w), 807(w), 
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748(m), 733(m), 703(s), 636(w), 612(w), 566(w), 546(w), 450(w), 413(w) cm-1.  
Anal. Calcd for C47H56BOTi: C, 79.08; H, 6.54. Found: C, 77.78; H, 7.00.17 
[Cp*2V(OCPh2)][BPh4] (7c): [Cp*2V][BPh4] was recrystallized from  
1,2-C6H4F2/cyclohexane using a benzophenone containing solution of cyclohexane. 
This afforded crystals of the mono-benzophenone adduct [Cp*2V(OCPh2)][BPh4], 
which were used for a single crystal X-ray analysis. 
X-ray Crystallographic Study: Crystals with suitable dimensions were mounted on 
top of a glass fiber, by using inert-atmosphere handling techniques, and aligned on a 
Bruker18 SMART APEX CCD diffractometer. The final unit cell was identified as listed 
in Table 5.4 and Table 5.5. The structure was solved by Patterson methods and 
extension of the model was accomplished by direct methods applied to difference 
structure factors using the program DIRDIF.19 The positional and anisotropic 
displacement parameters for the non-hydrogen atoms were refined.  
A subsequent difference Fourier synthesis of 6a-c resulted in the location of all the 
hydrogen atoms, which coordinates and isotropic displacement parameters were 
refined. In case of the benzophenone adducts, refinement was complicated by disorder 
problems. 
In case of compound 7a one of the cocrystallized mono-fluorobenzene solvent 
molecules was disordered over a rotation of 120°. The electron density of the F-atom 
appeared to be spread out, indicating rotational disorder A disorder model (50:50 for 
F:H on both positions: bonded to C41 and C43) was used in the final refinement. The 
hydrogen atoms were included in the final refinement riding on their carrier atoms with 
their positions calculated by using sp2 or sp3 hybridization at the C-atom as appropriate 
with Uiso = c x Uequiv of their parent atom, where c = 1.2 for the aromatic / non-methyl 
hydrogen atoms and c = 1.5 for the methyl hydrogen atoms and where values Uequiv are 
related to the atoms to which the hydrogen atoms are bonded. The methyl-groups were 
refined as rigid groups, which were allowed to rotate free. 
In 7b both difluorobenzene solvent molecules were rotational disordered by 60° and 
120°. The atoms connected to C31 and C33 of one fluorobenzene molecule and to C41, 
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C42, C43 and C44 of the other have a site occupancy factor of 0.5 (meaning in the 
average disorder 0.5 F and 0.5 H is bonded to each involved carbon). The hydrogen 
atoms were included in the final refinement riding on their carrier atoms similar to 7a. 
In compound 7c unrealistic displacement parameters were observed suggesting some 
degree of dynamic disorder, which is in line with the weak scattering power of the 
crystals investigated (dynamic means that the smeared electron density is due to 
fluctuations of the atomic positions within each unit cell). This dynamic behavior is 
Table 5.4. Summary of crystallographic data for 6a-c. 
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especially seen in the positions concerning the cyclohexane molecule, which is located 
over an inversion center. The hydrogen atoms were included similar to compounds  
7a-b. 
Final refinement on F2 carried out by full-matrix least-squares techniques converged at 
wR(F2) and R(F) values as listed in Table 3-4. The final difference Fourier map was 
essentially featureless: no significant peaks having chemical meaning above the general 
background were observed. The positional and anisotropic displacement parameters for 
Table 5.5. Summary of crystallographic data for 7a-c.  
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the non-hydrogen atoms and isotropic displacement parameters for hydrogen atoms 
were refined on F2 with full-matrix least-squares procedures minimizing the function  
Q = ∑h[w(│(Fo2) - k(Fc2)│)2], where w = 1/[σ2(Fo2) + (aP)2 + bP], P = [max(Fo2,0) + 
2Fc2] / 3, F0 and Fc are the observed and calculated structure factor amplitudes, 
respectively; ultimately the suggested a and b (Table 5.4 and Table 5.5) were used in 
the final refinement. 
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6 Samenvatting (Dutch summary) 
Organometaalverbindingen gebaseerd op vroege overgangsmetalen spelen een 
belangrijke rol in gekatalyseerde reacties. Verbindingen die veelvuldig gebruikt 
worden, met name in de polymerisatie van olefines, zijn de metallocenen (verbindingen 
waarbij een metaalcentrum gebonden zit tussen twee cyclopentadienyl liganden). De 
meest efficiënte metalloceen katalysatoren zijn kationische complexen, waarvan de 
activiteit en selectiviteit mede bepaald worden door de interactie met het tegenion. Om 
die reden zijn anionen ontwikkeld die zo weinig mogelijk interactie hebben met het 
kationische metaalcentrum. De meest succesvolle zijn gebaseerd op boraat anionen met 
gefluorideerde aromatische groepen, met als doel de negatieve lading uit te smeren en 
zo de nucleofiliciteit en Coulomb interactie energie te verminderen. Toch kunnen zelfs 
deze anionen nog altijd een zekere interactie aangaan met het metaal centrum  
(Schema 6.1 laat een zeldzaam voorbeeld zien van een met Röntgen diffractie 
gekarakteriseerde verbinding waarin een gefluorideerd anion een interactie heeft met 












Dit promotieonderzoek is gericht op het bestuderen van zwakke interacties van 
kationische decamethylmetalloceen complexen [Cp*2M]+ (Cp* = η5-C5Me5,  
M = Sc, Ti, V) met neutrale en anionische gefluorideerde verbindingen. Het 
metalloceen fragment heeft drie frontier orbitalen. In het geval van het [Cp*2Sc] kation, 
een d0 systeem, zijn al deze orbitalen in principe beschikbaar om andere liganden te 
binden. In het geval van titaan en vanadium zijn respectievelijk één of twee van deze 
orbitalen gevuld met (ongepaarde) elektronen. Dit heeft als gevolg, dat het titanoceen 
kation vanuit elektronisch oogpunt maximaal twee extra liganden kan binden en 
vanadium slechts één, tenzij in geval van vanadium de elektronen paren bij het binden 
van overige liganden.  
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Figuur 6.1. Ball-stick afbeeldingen van de THF adducten van de decamethylmetalloceen 
kationen (v.l.n.r.: Sc, Ti en V; de anionen zijn niet weergegeven). 
In hoofdstuk 2, waar de synthese van de THF-adducten van de [Cp*2M]-kationen 
beschreven staat, komt duidelijk naar voren dat de coördinatiechemie van dit type 
verbinding niet alleen wordt bepaald door elektronische aspecten, maar ook door de 
ruimte die beschikbaar is tussen de grote, het metaal afschermende, Cp*-liganden. Het 
scandoceen kation vormt bijvoorbeeld geen tris-THF adduct, maar een bis-THF adduct. 
Ook in het geval van titaan wordt de reactie met THF mede bepaald door sterische 
factoren: hier wordt een mono-THF adduct gevormd. Voor vanadium wordt er, volgens 
de verwachtingen op grond van de elektronische configuratie van het metaal, een  
mono-THF adduct verkregen (Figuur 6.1). Behalve dat de THF-adducten informatie 
geven over de coördinatie chemie van dit type [Cp*2M] kationen, wordt de vorming 
ervan ook gebruikt als een indirecte methode om de verbindingen die in de 
hoofdstukken 3 en 4 beschreven worden te karakteriseren.  
In hoofdstuk 3 wordt de synthese en de structuur van de base-vrije 
decamethylmetalloceen kationen beschreven (Figuur 6.2). Het scandoceen kation vormt 
een ion-paar waarbij het tetrafenylboraat anion gebonden zit aan het [Cp*2Sc]-kation. 
 
Figuur 6.2. Ball-stick afbeeldingen van de base-vrije decamethylmetalloceen kationen (v.l.n.r.: 
Sc, Ti en V; de anionen zijn in de structuren van het titanoceen en vanadoceen kation niet 
weergegeven). 
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In geval van de kleinere metalen titaan en vanadium is er niet genoeg ruimte voor het 
anion en wordt er een interactie met methyl groepen van het Cp*-ligand gezien. De 
laatstgenoemde interacties zijn nog niet eerder gevonden met methyl gesubstitueerde 
cyclopentadienyl liganden.  
In hoofdstuk 4 wordt de reactiviteit van de base-vrije kationen met gefluorideerde 
aromaten beschreven (Figuur 6.3). In geval van scandium en titaan resulteerde de 
reactie van de [Cp*2M] kationen met fluorobenzeen of 1,2-difluorobenzeen in de 
vorming van stabiele adducten. Het scandoceen kation bindt twee moleculen 
fluorobenzeen terwijl er in geval van titaan een mono-fluorobenzeen adduct verkregen 
wordt. Zowel het scandoceen als het titanoceen kationen reageren tevens met  
1,2-difluorobenzeen tot mono-(1,2-difluorobenzeen) adducten, waarbij het  
1,2-difluorobenzeen met beide fluoratomen gebonden is aan het metaal. Deze 
fluorobenzeen adducten zijn de eerste voorbeelden van F-gebonden overgangsmetaal 
fluorobenzeen complexen.  
Deze adducten zijn stabiel bij kamertemperatuur. In sterk contrast met de aromatische 
C-F bindingen, reageren de metalloceen kationen van scandium en titaan instantaan met 
de benzylische C-F bindingen van α,α,α-trifluorotolueen, resulterend in respectievelijk 
Cp*2ScF en Cp*2TiF2. Het vanadoceen kation reageert daarentegen noch met 
fluorobenzenen, noch met α,α,α-trifluorotolueen.  
De reactiviteit van de metalloceen kationen met C-F bindingen is verder uitgewerkt in 
een studie naar de stabiliteit van deze kationen met gefluorideerde tegenionen. Voor 
deze studie zijn de zwak coördinerende anionen [B(C6F5)4]- en [B{C6H3(3,5-CF3)2}4]- 
bestudeerd; twee anionen die veelvuldig gebruikt worden in de homogene katalyse.  
 
Figuur 6.3. Ball-stick afbeeldingen van de fluorobenzeen adducten van de 
decamethylmetalloceen kationen (v.l.n.r.: fluorobenzeen adducten van Sc en Ti en de 1,2-
difluorobenzeen adducten van Sc en Ti; de anionen zijn niet weergegeven). 
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Met het eerstgenoemde anion worden stabiele ion-paren gevormd (Figuur 6.4). In geval 
van scandium en titaan heeft het anion interactie met het kationische metaalcentrum 
met twee fluor substituenten. In het geval van vanadium is een dergelijke interactie niet 
aanwezig.  
Het vanadoceen kation met het [B{C6H3(3,5-CF3)2}4] anion is ook toegankelijk. In 
geval van titaan is het niet mogelijk om het ion-paar met dit anion te isoleren. In plaats 
daarvan wordt Cp*2TiF2 verkregen als gevolg van C-F activering, vergelijkbaar met de 
reactie met α,α,α-trifluorotolueen. 
De C-F activering in geval van scandium en titaan verlopen vermoedelijk via 
verschillende mechanismen. Voor titaan zijn er sterke aanwijzingen dat er in eerste 
instantie sprake is van een abstractie van een fluor radicaal, resulterend in het titaan(IV) 
kation, [Cp*2TiF]+. Dit reageert vervolgens verder tot Cp*2TiF2 via een polair 
mechanisme. Een dergelijk, polair mechanisme is waarschijnlijk ook van toepassing op 
de vorming van Cp*2ScF in de reactie van [Cp*2Sc] met α,α,α-trifluorotolueen. 
Het laatste hoofdstuk beschrijft de reactiviteit van de metalloceen kationen met 
ketonen. De stoichiometrie van de aceton adducten is analoog aan de reactiviteit met 
THF (Figuur 6.5). Opvallend is het verschil in de M-O-C hoeken in deze adducten. 
Deze zijn voor scandium en titaan nagenoeg lineair, terwijl deze hoek in het 
[Cp*2V(OCMe2)] kation veel kleiner is (142°). Dit is waarschijnlijk het gevolg van het 
feit dat het aceton ligand aan de scandoceen en titanoceen kationen meer dan 2 
elektronen kan doneren terwijl dit niet geldt voor vanadium, aangezien deze laatste 
slechts één orbitaal ter beschikking heeft voor de interactie met overige liganden.  
 
Figuur 6.4. Ball-stick afbeeldingen van de [Cp*2M][B(C6F5)4] ion-paren (v.l.n.r.: Sc en Ti). 
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Figuur 6.5. Ball-stick afbeeldingen van de acetonadducten van de decamethylmetalloceen 
kationen (v.l.n.r.: Sc, Ti en V; de anionen zijn niet weergegeven). 
De reactie van de metalloceen kationen met benzofenon resulteert in alle gevallen in 
een mono benzofenon adduct (Figuur 6.6). Iets anders dat opvalt is de V-O-C hoek in 
het benzofenon adduct van het vanadoceen kation, welke lineair is en niet gebogen 
zoals in het aceton adduct. In het [Cp*2V(OCPh2)] kation wordt een duidelijk kortere 
V-O afstand gevonden en een langere C-O afstand. Dit suggereert een mogelijke 
delokalisatie van de ongepaarde elektronen in het VOCPh2 fragment.  
 
Figuur 6.6. Ball-stick afbeeldingen van de benzofenonadducten van de decamethylmetalloceen 
kationen (v.l.n.r.: Sc, Ti en V; de anionen zijn niet weergegeven). 
De experimenten die beschreven staan in dit proefschrift worden ondersteund door 
kwantumchemische (RIDFT) berekeningen, uitgevoerd door dr. P. H. M. Budzelaar. In 
het algemeen blijkt dat de berekeningen zeer goed overeenkomen met de data die met 
Röntgen diffractie verkregen is. Het grootste verschil tussen de berekende en de 
experimentele structuren is terug te vinden in de M-X afstanden, welke in de 
berekeningen structureel te lang uitvallen. Het energieverschil tussen de berekende en 
de experimentele structuren is echter zeer gering en kan verklaard worden door 
kristalpakkingseffecten. 
Concluderend kan opgemerkt worden dat de coördinatiechemie van de 
decamethylmetalloceen kationen sterk bepaald wordt door een combinatie van het 
aantal beschikbare orbitalen en de grootte van het metaal, ofwel de ruimte die 
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beschikbaar is tussen de grote Cp*-liganden. Dit is niet alleen gezien in de 
stoichiometrie in de THF, aceton en benzofenon adducten, maar ook in de M-O-C 
hoeken in de keton adducten. 
Het onderzoek beschreven in dit proefschrift is voornamelijk gericht op de interactie en 
de reactiviteit van de [Cp*2M] kationen met neutrale en anionische organofluorides. 
Ook hier komt de invloed van de grote, het metaal afschermende, Cp*-liganden naar 
voren. Ondanks het feit dat het titanoceen kation geen interactie aangaat met het [BPh4] 
anion, maar in plaats daarvan een interactie heeft met Cp*-methyl groepen, is het wel 
mogelijk om een adduct te vormen met het gefluorideerde anion [B(C6F5)4]-. Dit terwijl 
het laatstgenoemde anion veelal als een minder coördinerend anion bekend staat 
vergeleken met het [BPh4] anion.  
Voor scandium en titaan is een groot verschil in reactiviteit gevonden tussen 
aromatische en benzylische C-F bindingen. Voor de eerste, zoals fluorobenzeen en  
1,2-difluorobenzeen zijn stabiele adducten verkregen, terwijl het scandoceen en 
titanoceen kation instantaan C-F activering geeft met benzylische C-F bindingen. Dit 
heeft grote gevolgen voor de keuze van gefluorideerde groepen in kationische vroege 
overgangsmetaal katalysatoren en de bijbehorende anionen.  
 
 
 
  
  
 
